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Summary
The overall aim of this thesis was to improve the laser Raman system of the Karlsruhe 
Tritium Neutrino (KATRIN) experiment and enable the extracted Raman intensity data  
to be quantified. This was achieved by improving the signal-to-noise ratio of the system 
and accurately measuring the depolarisation ratios of all six hydrogen isotopologues. 
This measurement was required to verify whether the polarisability tensors, a and 7 , 
found in the literature can be inserted into the Raman intensity to produce a theoretical 
intensity curve, which is needed to extract compositions from the measured Raman 
intensity with a known accuracy.
A procedure has been developed to accurately measure the depolarisation ratio of all 
six hydrogen isotopologues and the depolarisation ratios of the Qi-branch agree with 
the theoretical values, calculated by LeRoy, with a lcr confidence level. This procedure 
has also been applied to some of the atmospheric gases.
In addition, a Raman system beyond the scope of the KATRIN experiment has been 
developed, to increase the signal-to-noise ratio of the system further. The selected setup 
makes use of a hollow metal-coated glass fibre as the Raman cell and is referred to 
as “capillary Raman spectroscopy” . The initial test measurements have shown that 
capillary Raman spectroscopy produces Raman signals tha t axe a factor of 170 higher 
than  single-pass 90° Raman spectroscopy. Due to increased fluorescence, as a result of 
the observation of Raman light in the same direction as the laser excitation, the increase 
in the signal-to-noise ratio is between a factor of 9 and 24. As a result of these successful 
measurements the capillary Raman system will be tested with tritium  in the near future.
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Chapter 1
Introduction
The results of neutrino oscillation experiments showed neutrino mixing among the neu­
trino generations ([Fuk98], [Egu03]); this implies tha t the neutrino is not massless. If 
the neutrino is a massive particle, finding its mass is an im portant problem in particle 
physics due to  its influence on cosmological and particle physics research. The neutrino 
detection experiments and investigations into the oscillations (e.g. Super-Kamiokande 
Collaboration [Fuk98]) have produced results of the mass differences. To determine the 
absolute mass of the neutrino, direct mass measurements need to be completed.
1.1 D irect neutrino m ass m easurem ents
1.1.1 T ritium  b e ta  decay
One of the most accurate ways of determining the mass of the electron-neutrino is to 
study the kinematics of the tritium  f3~ decay.
3H ->• 3He+ +  e" +  Pe (1.1)
The energy Qp- of the beta decay is expressed as
Qp- =  [m (Z ,A ) — Z m e]c2 — [m(Z  +  \ ,A )  — (Z  +  l)m e]c2
=  \m{Z, A) — m (Z  -I-1, A) — m e\c2 (1.2)
where: Z  is the atomic number of the decaying nucleus, A  is the atomic mass of the
decaying nucleus, m (Z , A) is the mass of the neutral atom, and m e is the mass of the
electron.
The im portant equation in neutrino mass measurements is the beta  spectrum of an 
allowed f3~ decay, which is [Wei05]
1
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d N  
dt dE = C M 2udF(E, Z  + 1 )p(E + me)f ] T  UH - ro2^ )  0  (t -  m (^)) (1-3)
where E , m e and p are the kinetic energy, mass and the momentum of the electron; t 
is the energy difference given by e =  E q -  E; E q is the total decay energy; m (//,:) is the 
neutrino mass state; F  is the Fermi function accounting the Coulomb interaction of the 
outgoing fi electron with the remaining daughter nucleus of charge Z  + 1; Mnuci is the 
nuclear matrix element; ©(c — ra(i^)) is included for energy conservation; and C  is given 
by
C =
27O h 1
cos2(0C) (1.4)
where G f is the Fermi constant and 9C is the Cabibbo angle. Please note that in 
equations (1.3) and (1.4) the speed of light has been set to unity.
In figure 1.1 this spectrum is plotted with respect to the energy difference, e, and 
viewed close to the end-point, E q , where the neutrino mass is set to m ( u i )  = OeV and 
m{vi) — 1 eV.
=3
03
10
8
6
m = 0 eV
4
2
0
1.5 -1 -0.5 0 0.53 -2.5 -2
e = E - E 0 [eV]
Figure 1.1: The electron spectrum of tritium /3-decay, zoomed in on the end-point region. 
The spectrum is displayed for neutrino masses of 0 eV and 1 eV. From Bornschein [Bor05]
The figure shows that if the neutrino has a mass the spectrum is distorted near the 
energy end-point. This distortion would occur for all of the individual neutrino mass 
eigenstates, m{yi). However, the observed neutrino mass in experiments, at the current 
sensitivity, is an average of neutrino mass eigenstates, due to the small differences of the 
neutrino mass differences observed in oscillation experiments. This average is referred
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to as the electron neutrino mass given by
m2K )  =  Uei™2{vi) (1-5)
i
where U^ is the neutrino complex mixing matrix. For more details the reader is referred 
to  Weinheimer [Wei05] and the references therein.
The (3~ decay of tritium  is considered the best choice for direct measurements of 
the mass of the electron neutrino because it has a short half life of 12.3 years and the 
smallest endpoint energy of all allowed /3“ decays of 18.6 keV. The short half life leads to  
tritium  having a high activity and it minimises inelastic processes of /3-electrons within 
the tritium  source. The low end-point energy is advantageous because the fraction of 
decays in the end-point region is proportional to  (l/E 'o)3. This means th a t /3-emitters 
with higher end-point energies would have a lower fraction of decays in the end-point 
(measurement) region.
Tritium being used as a /3-emitter has other advantages, these being
• The nuclear m atrix element is electron-energy independent. This means th a t the 
dependence of the spectral shape on the neutrino mass is given by the phase space.
• The electronic shell configuration of tritium  and the decay daughter-nucleus 3He+ 
are simple, which enables the final state spectrum  to be precisely calculated. These 
calculations are performed in Doss et al [Dos06] and will not be discussed further 
here.
1.1 .2  T h e M ainz and T roitsk  exp erim en ts
Various tritium  direct neutrino mass measurements have been reported in the litera­
ture. The latest of these in the 1990s were an experiment in Mainz, Germany and an 
experiment in Troitsk, Russia. These two experiments had similar detection methods 
using MAC-E-Filters (Magnetic Adiabatic Collimation combined with an Electrostatic 
Filter). This method is also used in the KATRIN experiment and will be discussed in 
section 1.2.1 below. The tritium  source used in the two experiments was different. In the 
Mainz experiment, the source consisted of a film of molecular tritium  quench-condensed 
onto graphite or aluminium substrates. For more details see Kraus et al [Kra05] and 
references therein. In the Troitsk experiment, a windowless gaseous tritium  source was 
used [Bel95]. This type of source is also utilised in the KATRIN experiment and is 
discussed in section 1.2 .2 .
The Mainz and Troitsk experiments did not detect the mass of the neutrino within 
their energy resolution, so the published results were upper limits for the neutrino mass 
of m Ue < 2.30eVjc? (95% C.L) and m„e < 2.05eV/c2 (95% C.L) respectively [Kra05] 
and [Lob03].
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1.2 K A TR IN  experim ent
The Karlsruhe Tritium Neutrino (KATRIN) mass experiment is the next generation neu­
trino mass experiment under construction at Karlsruhe Institute of Technology (KIT). 
KATRIN is designed to improve the sensitivity of measurement of the neutrino mass 
down to ?n„e < 0.2eV /c2\ an order of magnitude reduction in the upper limit of m Ve 
given by the Mainz and Troitsk experiments [OttOS]. This will be achieved by measuring 
the shape of the /3-spectrum of tritium near its end-point with a higher resolution. This 
involves increasing the source intensity, improving the energy resolution to A E  ^  1 eV 
at the tritium /3 end-point of 18.6 keV and reducing the background level.
Detector
system
Rear
section
W indow less G aseous 
Tritium Source (WGTS)
Transport section  
DPS2-F I CPS
Pre­
spectrom eter
Main spectrom eter
Figure 1.2: Diagram of the KATRIN setup (adapted from [Katl2]).
The KATRIN setup is made up of five main sections (see figure 1.2). The Windowless 
Gaseous Tritium Source (WGTS), the transport system, the pre-spectrometer, the main 
spectrometer (Mac-E-Filter) and the detector system. The MAC-E-Filter and WGTS 
will be discussed in more detail below. The transport system adiabatically guides the 
/3-decay electrons from the source to the spectrometer using a series of superconducting 
solenoids with a 5.6 T magnetic field. The transport system also contains the DPS2-F 
and CPS pumping sections, which reduces the amount of tritium between the source 
and spectrometer by a factor of 107. The pre-spectrometer acts as a low energy electron 
rejection filter. It wall be run at a retarding energy 200 eV below the /3-endpoint, to 
reject all but the high energy electrons. After the MAC-E-Filter a large array of PIN 
photodiodes acts as the electron detector. For more details on the KATRIN compo­
nents the reader is directed to the latest publications from the individual section groups 
[Babl2], [Pral2], [WuelO] [VallO] and the KATRIN webpage [Katl2].
1.2.1 M A C -E -F ilte r
The MAC-E-Filter (Magnetic Adiabatic Collimation combined with an Electrostatic 
Filter) was used in previous direct neutrino mass measurements in the 1990s ([Bel95], 
[Kra05]). The principle of operation of a MAC-E-Filter is shown in figure 1.3. It
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Figure 1.3: Principle of the operation of the MAC-E-Filter. From [Bor05]
consists of two superconducting solenoids, which produce an inhomogeneous magnetic 
field between the two. The magnetic field lines guide the decay electrons from the tritium 
source, through the spectrometer using cyclotron motion with a full forward acceptance 
solid angle of up to 2-n. A s the magnetic field passes through the spectrometer, it drops 
by several orders of magnitude. The magnetic gradient force transforms the majority 
of the cyclotron energy into longitudinal motion. This leads to the /3-decay electrons 
being adiabatically transformed into a broad beam of electrons moving almost parallel 
to the magnetic field lines. The electrons can be energetically analysed by applying an 
electrostatic potential, produced by a set of cylindrical electrodes. The potential enables 
high energy electrons to pass through and reflects the lower energy electrons, thus it 
acts as a high-energy pass filter.
The KATRIN MAC-E-Filter is about 23 m long with a 10 m diameter. This allows 
the tritium /3-decay endpoint to be scanned at a resolution of A E  =  0.93 eV [Wei05]. 
For more details on the MAC-E-Filter technique the reader is referred to Prall et al 
[Pral2].
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1.2.2 W in d o w less  G aseo u s  T r i t iu m  S ou rce  (W G T S )
The WGTS (used in the lYoitsk experiment) was chosen over a frozen tritium source 
(used in the Mainz experiment), as KATRIN requires a source activity of 1011 Bq. If 
a frozen tritium source was used it would have to have a column density of 5 x 101' 
molecules cm" , which corresponds to a 500 monolayer source thickness; this would gen­
erate a voltage of 10 V across the frozen film, which would reduce the energy resolution 
of the experiment. More details can be found in Otten and Weinheimer [Ott08].
The WGTS consists of a 10 m long cylindrical tube with a diameter of 90 mm, filled 
with molecular tritium gas; this has an isotopic purity of > 95% and is kept at a 
temperature of 27K. It is combined with the DPS2-F (differential pumping section) and 
the CPS (cryogenic pumping system) to form the STS (source and transport system) in 
KATRIN. The principle of the WGTS is shown in figure 1.4
Tritium out
Longitudinal source profile (approx.)
t  t 3 .6  T| C S 3 |  C Z Z
l “ l
( S )
Tritium  injection Tritium out
Figure 1.4: Principle of the WGTS. Tritium is continuously injected in the centre and 
pumped out at both ends to maintain a constant density profile. From Babutzka et al 
[Babl2].
The WGTS source tube will be surrounded by a chain of superconducting solenoids, 
which generate a homogeneous magnetic field of 3.6 T. The magnetic field will adi- 
abatically guide the electrons, produced in the /3~-decay, to the tube ends. The tri­
tium gas mixture is injected near the centre of the source tube at a pressure, p;n = 
3.368 x 10- 3 mbar, and is pumped out at both ends with a pressure of approximately
0.03 — 0.05pin • For more details on the operating parameters and current status of the 
WGTS, the reader is directed towards Babutzka et al [Babl2] and the references therein.
To achieve the required sensitivity on the neutrino mass measurement, the column 
density and isotopic purity of the tritium source gas are vitally important. The column 
density will not be considered further here. For more information the reader is directed 
towards Babutzka et al [Babl2]. Due to the the natural low abundance of the iso-
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topologue T 2, and the design of the W GTS’s tritium  injection and gas circulation loop, 
T 2, HT and DT will be encountered in the system. The (3 spectrum and final state 
distributions of HT and DT are slightly different to tha t of T 2. Thus, the proportion 
of these isotopologues needs to be known, to achieve the required accuracy of the KA­
TRIN experiment. This means th a t a monitoring procedure is required tha t measures 
the composition of the gas m ixture with a high precision, in-line and as close to real 
time as is practicably achievable.
1.3 Laser R am an Spectroscopy in K A T R IN
Laser Raman spectroscopy was identified as the most practical method to achieve the 
KATRIN design requirements for monitoring the tritium  gas being injected into the 
WGTS. Foremost, the method had to be able to  measure the individual hydrogen iso- 
topologue components and dynamic changes within the mixture to the order of ± 0 .1% 
precision, with a trueness of better than  10%. The integration time of an individual mea­
surement needs to be as short as possible, so th a t it is compatible with the KATRIN 
measurement interval.
Laser Raman spectroscopy has the advantage over other techniques as it is a  non- 
contact and in-line analysis m ethod based on inelastic Ram an scattering. The theory 
behind Raman scattering is discussed in detail in chapters 2 and 3. Raman scattering 
is also sensitive to possible contaminant gases of nitrogen or tritiated  methanes. These 
are not expected to be injected into the WGTS. However, tritiated  methanes were 
detected in test measurements of the KATRIN tritium  loop [Fisll] and were attributed 
to exchange reactions between tritium  and carbon in the stainless steel vessels and tubes.
1.3 .1  P rev iou s R am an  m easu rem en ts a t K IT
In past measurements by Lewis et al [Lew08] and Sturm et al [Stu09], a Raman system 
was demonstrated tha t met the KATRIN design requirements with 3<r measurement 
sensitivities of 5 x 10-3 , 7 x 10-3  and 25 x 10_3mBar for T 2, DT and HT respectively. 
In the latter tests all six hydrogen isotopologues were observed, with an accumulation 
time of 1000 s, and a measured composition accuracy of ± 0 .1%.
Even though the design requirements of the KATRIN experiment have been met, 
these measurements only monitor the relative intensities of the hydrogen isotopologues. 
Ideally, KATRIN would be supplied with absolute composition data  for each isotopo- 
logue, with a trueness of better than  10%. The acquisition time of 1000s can also be 
reduced by improving the signal-to-noise ratio  of the Raman system.
Alongside the main LARA setup, which will be used for the KATRIN experiment at 
KIT, duplicate setups have also been constructed at KIT and Swansea, so that proce­
dures can be developed and tested in parallel. In total, a t the point of writing, there are
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three LARA systems at the Tritium Laboratory Karlsruhe (TLK) in KIT and the one 
system in Swansea, which was used for the m ajority of the research described in this 
thesis.
1.4 G oals o f th is work
Raman spectroscopy of the hydrogen isotopologues has evolved over the previous five 
years, where four Raman spectroscopy systems have been built a t KIT and Swansea. 
To enable the continuous monitoring of the gas composition for a period of up to 60 
days, the stability and sensitivity of the system are important. Calibration techniques 
are also required to  convert the measured intensities to absolute compositions. As a 
result of these requirements, the following will be considered here in this work:
1. Improvements to the sensitivity and stability of the Swansea LARA system were 
required. The reason behind this is to increase its sensitivity so tha t it is closer 
to th a t of the systems in KIT. Some of the sensitivity improvements may also 
be applicable to all systems, if they are shown to further enhance the system 
sensitivity. The improvement test measurements will be discussed in chapter 5.
2. To convert the measured Raman intensities to absolute concentrations, some form 
of system calibration was required. The m ethod considered here involves creating 
theoretical Ram an spectra from the Raman polarisability tensors (transition prob­
abilities) and the systems spectral efficiency. However, there is no indication of 
the accuracy of the theoretical polarisability tensors. To verify the theoretical val­
ues, depolarisation measurements of all six hydrogen isotopologues are performed 
in chapter 6 . As a result of these measurements (and some of the improvements 
discussed in chapter 5), an accurate calibration of the KATRIN LARA system 
has been performed by Schlosser et al [Schl2bj. This compares two calibration 
methods: the first using the verified theoretical values, performed in this work, 
with an accurate spectral sensitivity calibration; and the second based on accurate 
gas samples. A comparison of the non-radioactive isotopologues (H2, HD and D2) 
resulted in an agreement of better than 2% in the relative response function, which 
exceeds the trueness requirements of the KATRIN experiment of 10%. These mea­
surements are beyond the scope of this work, so will not be discussed any further 
here.
3. As a result of developing a technique to accurately determine the depolarisation 
ratio of gas mixtures, this method is applied to atmospheric gases in chapter 7. 
These measurements are beyond the scope of the KATRIN experiment. However, 
there is a lack of accurate depolarisation measurements of these gases in the litera­
ture. The measurement also shows that the depolarisation measurement technique
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can be applied to a number of gases beyond the hydrogen isotopologues. Note also 
tha t, in particular, methane isotopologues were observed in some extended-time 
scale measurements at LOOPINO in TLK [Fisll].
4. The KATRIN experiment requires a certain precision. However, beyond the scope 
of this experiment, improving the sensitivity of the Raman setup would enable the 
method to  be applied to other tritium  accountancy projects at TLK. This could 
prove to be particularly useful in monitoring injection gases in research linked 
to the ITER  experiment [Shul2]. W ith this in mind, a technique called capillary 
Ram an spectroscopy is investigated in chapter 8 to determine the potential increase 
in the signal-to-noise ratio over standard 90° Raman spectroscopy. The setup is 
based on the work of Okita et al [OkitlO] and Buric et al [BurlO].
5. As part of the required KATRIN LARA package software, routines have been de­
veloped th a t enable full on-line analysis, in the form of a fully autom ated procedure 
for post-acquisition data  treatm ent of (Raman) spectra and analysis of spectral 
line peaks. This is discussed in detail in [Jaml3], [SJLc], [SJLd], and appendix 
A.6 .
6 . As the Ram an spectra of all six hydrogen isotopologues are measured in this 
work, the line positions (Raman shift) of the isotopologues can be compared with 
different theoretical methods. In chapter 6 , the measurement and comparison 
is made for the non-tritiated isotopologues H2, HD and D2. The intent is to 
accurately perform the measurement for all six isotopologues in the near future.
A long-term run of the KATRIN loop system was performed by Fischer et al [Fisll], 
before the improvements discussed in chapter 5 were implemented. Even though this 
dem onstrated th a t all six hydrogen isotopologues could be monitored simultaneously, 
for a period of >  21 days, with a precision of 0 .1% (an individual accumulation time of 
250s and a 5W  laser power), the improvements would reduce the accumulation time 
further.
Chapter 9 summarises the results of this work and discusses the future work tha t is 
planned. This includes a planned repeat long term  measurement run with the KATRIN 
LARA system, to verify tha t all the improvements have been successful.

Chapter 2
The Raman effect
2.1 C hapter overview
In this chapter the basic aspects of Raman scattering are discussed and links to the po- 
larisability tensor and the time dependent induced electric dipole vector are provided. 
Note that, a full quantum  mechanical treatm ent is needed for real world quantitative 
analysis of Raman spectra. This allows one to differentiate between the hydrogen iso- 
topologues (H2, D2, T 2, HD, HT and DT). For a full treatm ent of Raman scattering 
the reader is directed towards Long [Lon02].
The selection rules for Raman scattering of diatomic molecules are summarised along 
with the equations required to calculate the Raman line positions of diatomic molecules 
with unperturbed electronic states.
The concept of non-linear Raman spectroscopy is introduced as a potential enhance­
ment over normal Raman scattering. Our first experimental tests of a form of stim ulated 
Raman scattering called PARS are beyond the scope of the work in this thesis, and are 
not described here, but will be looked at in detail by other members of the KATRIN 
LARA group.
2.2 The R am an effect
When a beam of monochromatic radiation, with a frequency uj\, is focussed into a 
sample, some of the light will interact with the sample. W hen the light interacts it will 
be reflected, absorbed or scattered. The reflected and absorption interactions will not 
be discussed here. When investigating the spectrum of the scattered radiation, scattered 
light with exactly the same frequencies as the incident light is found. This effect is called 
Rayleigh scattering. However, one will also find some weak additional lines th a t do not 
appear in the spectrum of the incident light source. This phenomenon is commonly 
known as the Raman effect (or Raman scattering).
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Each of the Rayleigh lines in the scattered spectrum is accompanied by one or more 
Raman lines, where the displacements from the Rayleigh lines (in cm-1) are independent 
of the (excitation) frequency of the Rayleigh lines. This implies that, if an alternative 
light source (with a different emission spectrum) is used with the same scattering sub­
stance, other Raman lines are obtained but their displacements from the Rayleigh lines 
are the same. If the scattering substance is changed the displacement has a different 
magnitude. Thus the displacement of the Raman lines from the Rayleigh lines is a 
characteristic of the scattering substance used. Consequently, the Raman effect can be 
used to determine the nature of the scattering substance.
Figure 2.1: Generalised light scattering experiment. The laser beam moves along the 
z-axis and the angles define the direction of the scattered light. The scattering point is 
at the axis origin.
Figure 2.1 shows a generalised, incoherent light scattering experiment. The figure 
includes the angles 9 and <£>, which define the direction of the scattered light. These 
will be discussed in more detail in chapter 3. From a practical (spectroscopy) point of 
view, one would like to know how the relationship, between incident and scattered radia­
tion’s properties, is determined by the material’s system-properties and the illumination- 
observation geometry.
2 .2 .1  S to k es  a n d  a n ti-S to k e s  R a m a n  sc a tte r in g
The energy level diagrams of non-resonant Rayleigh and Raman scattering via an inter­
mediate state, | r), are shown in figure 2.2. | r) is not a real state but a state combining 
a photon with an initial molecular quantum state, when they are both in close proximity
i.e. a so called “dressed” state. As can be seen in the figure, Raman scattering is split
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Figure 2 .2: Schematic energy level diagrams for non resonant-photon excitation: a) 
Rayleigh scattering, b) Stokes Raman scattering and c) anti-Stokes Raman scattering.
into two types. These being when the photon frequency of the Raman scattered light 
is less than  the frequency of incident radiation (us =  u;* — cjm), this is called Stokes 
Ram an scattering; when the photon frequency of Ram an scattered light is more than 
the frequency of the incident radiation (tus = Ui -f u m), this is called anti-Stokes Raman 
scattering. In this work we are only interested in the Stokes Raman scattered lines and 
block the anti-Stokes lines using an Edge filter.
2 .2 .2  R am an  in ten sitie s
The intensity is defined as the time averaged power per unit solid angle radiated by an 
oscillating electric dipole, po> which is induced in a molecule due to incident electromag­
netic radiation. Classically, the intensity is given by
1 = sin2 90 (2.1)
where u s is the angular frequency of the scattered radiation, 90 is the angle between the 
observation direction and the axis of the induced dipole (not the same as 9 in figure 2 .1) 
and k'u is defined as:
1
327r2eoCo
where eo is the perm ittivity of free space and Co is the speed of light in a vacuum.
This can be reformulated for the wavenumber u using the substitution
U s  =  27TCqV s (2.3)
K, = (2-2)
producing
I  =  h'v^pQ sin2 90 (2.4)
14 CHAPTER 2. THE RAM AN EFFECT
with
(2-5)
Both equations are included as angular frequency is usually used in theoretical treat­
ments, while in real world spectra the band position in the spectrum is the main interest. 
Raman spectra are also normally represented in terms of wavenumber shifts, rather than 
wavelength or frequency, as the wavenumber shift is invariant if the wavelength of the 
monochromatic excitation radiation is changed.
The wavenumber v  in vacuum is defined as
5(cm“ 1) = A ( k j  (2'6)
However, in reality Raman measurements are performed in a medium. Therefore, the 
refractive index needs to be taken into account. This changes the wavenumber v  to
W
where n  is the refractive index of the medium. The wavenumber shift of the Raman 
lines is then vs = vq -  PV,J (Stokes) and Ps = i>o + £v,j (anti-Stokes).
Raman intensity expressions will be discussed in more detail in chapter 3.
2 .2 .3  R am an sp ectroscop y  in K A T R IN
The KATRIN monitoring system (LARA) will focus on vibration-rotation lines, as the 
operating tem perature of the inner loop in the WGTS is low enough that the strongest 
pure rotation tritium  lines would be cut-off by the laser edge filter, meaning they would 
no longer be visible. Intensities are also needed as they show a strong dependence 
on Raman scattering with respect to the polarisation. This means that the quantum  
mechanical treatm ent of the Raman effect is essential as the classical treatm ent does 
not provide a full analysis of the vibration rotation lines.
2 .2 .4  R esonant R am an scattering
A type of Raman scattering exists where the frequency of the incident radiation, u;*, 
approaches and surpasses a molecular transition frequency wri; this process is called 
resonance Raman scattering. This can be split into three distinct types where i) u —> u;rj 
pre-resonance Raman scattering, ii) u>i =  usTi resonance Raman scattering and iii) Ui is in 
the range of dissociative continuum levels which is called continuum resonance Raman 
scattering. The intensity of resonance Raman scattering is expected to be orders of 
magnitude higher than normal Raman scattering as the denominator of the Raman 
transition probability of the terms o;ri — cUi~ zIV [Lon02] tends to — ilV for the state |r >
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and these terms dominate in the transition probability.
Other than an increased intensity, resonance Raman spectroscopy has the advantage 
that detailed information about the states and their lifetimes can be extracted from the 
measured spectra. For more information the reader is directed to [Lon02].
An application of resonance Raman scattering is Gonzalvez and Urena [Gonl2], where 
they combine resonance Ram an scattering with a technique called transmission Raman 
spectroscopy to analyse /3-carotene in carrots. They have observed an enhancement in 
sensitivity of several orders of m agnitude of the resonant Raman signal compared with 
non-resonant Raman spectroscopy. This enhancement enables a detection sensitivity of 
the order of hundreds of picograms in solid samples.
Even though resonant Ram an spectroscopy would lead to an increased intensity it is 
not feasible for the hydrogen isotopologues as it would require Raman excitation at UV 
wavelengths, which is not easily possible.
2.3 R am an scattering: theoretica l principles
In the theoretical treatm ent of Ram an Scattering, the scattered radiation is seen to be 
produced by the oscillating electric (or magnetic) multipole moments of the incident 
electromagnetic radiation. The dynamic electric field E , is a time dependent electric 
field vector, which is a monochromatic plane wave of frequency uq.
The theory of Raman scattering can be considered using a classical or quantum  me­
chanical treatm ent. The classical theory can be used to consider Rayleigh scattering and 
vibration Ram an scattering if the frequency dependencies are required only. However, 
in this work the Raman line positions and intensities need to be quantified. Therefore, 
the quantum  mechanical treatm ent will only be considered.
2.3.1 Q uantum  m echan ical th eo ry
Looking at the quantum  mechanical treatm ent, the electromagnetic radiation is treated 
as a classical field and the scattering molecule is treated quantum  mechanically (to enable 
a full quantitative analysis of the scattering process). The theory can be interpreted 
as a series of small perturbations on the state vectors of the scattering molecule by the 
electromagnetic fields. The properties of these perturbations are then investigated using 
time independent perturbation theory.
In this quantum  mechanical process, the scattering transitions are interpreted as 
the allowed transitions between the states of the molecule whilst the molecule is being 
perturbed by the classical electromagnetic fields.
The aim of the quantum  mechanical treatm ent is to derive expressions for the tran­
sition dipole moment tensor and the transition polarisability tensor, as they can be (in 
principle) linked quantitatively to  the molecular properties of the scattering molecule.
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The quantum  mechanical to tal induced electric dipole vector (p)fi  can be written as 
a sum of the time-dependent induced electric dipole moment vectors
( P ) f i  =  (P1)/! +  (P 2 ) f i  + (P 3 ) f i  + • • ■ (2-8)
Each term  increases the order of its dependence on the electric field E :  ( p ^ ) / i  is linear 
in E ,  { p ^ ) f i  is quadratic in E ,  ( p ^ ) f i  is cubic etc. With appropriate definitions of 
the total induced electric dipole vector and the wavefunctions within the relationship 
between the electric field E , the polarisability tensor and the time dependent induced 
transition electric dipole vector can be derived. This leads to the expressions
(Pp^ f i  = \{Ppo)f i{exP ( - ^ s t )  +  exp(iu;sf)} (2.9)
with
(Ppo)fi =  {<*pa)fiE o 0(wi) (2.10)
For a complete derivation of these equations the reader is directed towards Lewis 
[Lew07] or Long [Lon02]. The definition of the time dependent induced transition electric 
dipole vector is used in chapter 3 to obtain a complete expression for the Raman intensity 
of the hydrogen isotopologues (diatomic molecules).
2 .3 .2  S e lection  ru les for d iatom ic m olecules
The branch labelling notation used here is the same as that used previously by Lewis 
[Lew07]. This notation is the same as Long [Lon02] with the addition of subscripts indi­
cating the value of Av.  The change in the vibrational quantum number v for diatomic 
molecules is A v  =  0, ± 1 ,(± 2  overtones < <  intensity). The addition of the subscript 
notation means th a t a ‘0 ’ subscript identifies the pure rotation branch and a ‘1’ subscript 
identifies the vibration-rotation branch. The subscript notation states the vibrational 
level at the end of the transition. For example a Qi-branch starts in v" =  0 and ends in
v' — 1. The simplified branch names of So, S\,  Q\  and 0 \  are implemented for diatomic
molecules.
The ^o-branch is the pure rotational transition and the 0 \- , Q\-  and S^-branches 
are the three vibration-rotation transitions. Also, the notation for the wavenumber (or 
Raman) shift is taken as So(J ) etc. In a more general case (like in Long [Lon02]) the 
Raman shift is taken as 5 (J ) ;  \Ai>\ and the sign of the A v  is clarified by the context
(j = r).
Looking at the definition of A J  = J'  — J " , the double prime refers to the lower 
energy level and the single prime refers to the higher energy level. This applies if J '  is 
in the same rotational manifold as J " , or they are members of a manifold of a different 
electronic or vibrational state. However, the J  parameter in the Raman shift symbol
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Table 2.1: Values of the experimental constants used to model the line positions of 
the hydrogen isotopologues (from Lewis [Lew07]). * means value is interpolated. The 
uncertainty (when stated) is in the final digit.
h 2 HD
Constant /  cm 1 
HT D2 DT t 2
B0 59.339(5) 44.668(5) 40.055* 29.911(5) 24.331* 20.0386(5)
Do 0.0460(3) 0.0259(3) 0.0205* 0.0113(3) 0.0071* 0.00499(4)
H0(x lO -6) 52(5) 22(5) 14 * 4(5) 2 * 1.2(8)
^vib 4161.14 3632.05 3445.68* 2993.56 2723.46* 2464.324(1)
Bi 56.36(1) 42.74(1) 38.39* 28.85(1) 23.66* 19.4530(7)
Di 0.043(1) 0.026(1) 0 .021* 0 .011(1) 0.007* 0.00470(5)
and rotational energy is always taken to be J " for all diatomic Stokes Raman transitions 
that are being considered in this work.
The simplified branch names of S o ,S \ ,Q i  and 0 \  of the diatomic molecules corre­
spond to the following energy level changes
•  A J  = + 2  and A v  = 0 the branch name is So-
•  A J  =  —2 and A v  =  1 the branch name is Oi.
•  A J  =  0 and A v  = 1 the branch name is Qi.
•  A J  — +2 and A v  = 1 the branch name is Si.
For a more rigorous derivation of the selection rules for Ram an spectra see Long 
[Lon02] or an equivalent book on the Raman effect.
Please note th a t for polyatomic molecules the notation becomes more complex. For 
measurements of atmospheric gases (included in chapter 7) the appropriate line naming 
convention and selection rules will be discussed briefly.
2.3 .3  R am an Line P o sitio n s
The position of the Raman lines is being measured in the KATRIN LARA setup. There­
fore, the expected positions of the Raman lines need to be known as these are used to 
determine the scattering sample from the measured spectrum. The line positions can 
be determined using theoretical calculations or by approximations from experimentally 
determined spectroscopic constants. The method of determining the line positions us­
ing experimental constants has been considered previously by Lewis [Lew07] and the 
final results will only be included here. The experimental constants used in [Lew07] are 
collated in table 2 .1.
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Table 2.2: Raman (wavenumber) shifts for the first ten lines of the Stokes 5o-branch for 
the six hydrogen isotopologues (from Lewis [Lew07]).
Raman Shift S q(J)  /  cm
J" h 2 HD HT d 2 DT t 2
0 354.389 267.080 239.597 179.060 145.732 120.052
1 587.039 443.092 397.708 297.535 242.323 199.689
2 814.407 616.096 553.426 414.672 338.074 278.733
3 1034.640 785.000 705.865 529.956 432.662 356.953
4 1246.151 948.822 854.212 642.893 525.770 434.122
5 1447.686 1106.725 997.744 753.014 617.099 510.024
6 1638.406 1258.044 1135.852 859.881 706.366 584.451
7 1817.958 1402.319 1268.062 963.094 793.306 657.206
8 1986.549 1539.330 1394.051 1062.298 877.680 728.105
9 2145.024 1669.126 1513.672 1157.185 959.274 796.980
To enable a better understanding of the constants in the table the generic formula for 
vibration-rotation energy levels (assuming the electronic energy is zero) is
Ev,J = Gv +  FVjj  (2 .11)
where
(Gi -  Go) = iMb (2 .12)
Fv,j =  B VJ ( J  + 1) -  DVJ \ J  +  l )2 +  . . .  (2.13)
Pure rotational transitions The pure rotational wavenumber shift for diatomic 
molecules is
S0(J)  =  (4B0 -  6A> +  ™ H 0)(J  +  | )  -  (8D0 -  34H0)(J  +  ? ) 3 +  12H0(J  + ^ f  (2.14)
where B q is a constant of proportionality, Do is a small positive centrifugal stretching 
constant and Ho is a very small positive correction to the line position.
The model that was produced by R.J Lewis in [Lew07] obtained appropriate values 
of Bo, Do and Ho for the hydrogen isotopologues from different texts cited in the work 
(summarised in table 2.1) and by an interpolation procedure for the HT and DT values. 
A National Instruments Lab VIEW program was written in Lewis [Lew07] that calculates 
the Raman shift for the first ten lines of each branch. The values calculated using this 
code are shown in table 2 .2 .
These Raman shifts are subtracted from the absolute wavenumber value of the exciting 
radiation. The absolute wavenumber value of the scattered radiation is given by
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vs = j>i- S 0(J)  (2-15)
where Pi is the absolute wavenumber of the incident radiation.
V ib ra t io n - ro ta t io n  t ra n s it io n s  The expressions for the positions of the vibration- 
rotation branches are
Si {J)  = &vib +  6Bi  +  (5Bi  — B q) J  +  (B\  — Bo)J^
-  ^ ( D ,  -  Do)  -  f  ( 0 1  +  Dq)(2J  +  3) -  j ( D i  -  D 0)(2J + 3)2 (2.16)
-  1 (0 1  +  D0)(2J + 3)3 -  ^ ( 0 1  -  Do)(2J  +  3)4
with J  = J"  = 0 ,1 ,2 , . . . ,
Oi{J)  = vVib +  2B\  — (3Bi  4- B q) J  +  ( B\  — B q) J 2
-  -  D 0) +  1 (D , +  Do)(2J  -  1) -  H (Dl _  Do)(2i7 -  l )2 (2.17)
+  l ( D i  +  D 0)(2J -  l ) 3 -  i ( D ,  -  D a)(2J -  l )4
with J  = J"  = 2 ,3 ,4 , . . . ,
Qi ( J )  = Vvii, +  (01 -  B 0) J ( J  +  1) +  (D i -  D 0) J 2(J  + l )2 (2.18)
with J  =  J"  =  0 ,1 ,2 , —
The definitions and values of the constants B q, D o, H i, D i and the vibrational band 
offset (PVib) for the hydrogen isotopologues can be found in Lewis [Lew07] (and in table
2.1). Again, the aforementioned Lab VIEW  routine was applied to  calculate the first ten 
lines of each branch of the .Si, O i and Q i branches (see table 2.3).
Combining these with the first ten 5o-branch shifts leads to a complete set of Stokes 
Raman lines for the hydrogen isotopologues.
T h e o re tic a l  c a lc u la tio n s  The Raman line positions can also be determined from 
theoretical calculations of the energy levels [LRoy88]. The line position is then deter­
mined from the energy level difference. The line positions of the first ten Raman lines 
for each branch of the hydrogen isotopologues analogous to those in table 2.3 have been 
calculated using the theoretical energy levels from LeRoy [Roy 12]. These line posi­
tions are collated in table 2.4. Note tha t the pure rotational transitions have not been 
recalculated as they are too close to the laser line to be completely observed.
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Table 2.3: Raman (wavenumber) shifts for the first ten lines of the Stokes S i-, Q\-  and 
Oi-branches for the six hydrogen isotopologues (from Lewis [Lew07]).
Raman Shift S\{J)  /  cm -1
J" h 2 HD HT d 2 DT t 2
0 4497.752 3887.554 3675.264 3166.264 2865.168 2580.873
1 4712.774 4051.954 3823.308 3278.399 2957.738 2657.026
2 4916.762 4209.374 3965.486 3387.101 3048.129 2731.452
3 5107.796 4358.564 4100.768 3491.855 3136.007 2803.939
4 5284.028 4498.266 4228.106 3592.156 3221.043 2874.283
5 5443.682 4627.224 4346.445 3687.504 3302.907 2942.286
6 5585.054 4744.178 4454.715 3777.407 3381.274 3007.756
7 5706.512 4847.864 4551.833 3861.381 3455.817 3070.511
8 5806.496 4937.020 4636.705 3938.947 3526.215 3130.373
9 5883.518 5010.376 4708.225 4009.636 3592.145 3187.172
Raman Shift Q\{J)  /  cm -1
J" h 2 HD HT d 2 DT t 2
0 4161.140 3632.050 3445.680 2993.560 2723.460 2464.324
1 4155.194 3628.194 3442.348 2991.439 2722.118 2463.154
2 4143.374 3620.478 3435.670 2987.205 2719.437 2460.821
3 4125.824 3608.900 3425.624 2980.871 2715.419 2457.339
4 4102.760 3593.450 3412.170 2972.46 2710.071 2452.728
5 4074.470 3574.120 3395.261 2962.000 2703.399 2447.017
6 4041.314 3550.898 3374.835 2949.527 2695.414 2440.240
7 4003.724 3523.768 3350.817 2935.085 2686.125 2432.440
8 3962.204 3492.716 3323.121 2918.723 2675.547 2423.664
9 3917.330 3457.720 3291.649 2900.500 2663.693 2413.969
Raman Shift 0 \ ( J )  /  cm - r
J" h 2 HD HT d 2 DT t 2
2 3803.669 3363.102 3204.574 2813.709 2577.225 2343.934
3 3556.093 3177.863 3038.803 2690.820 2477.836 2262.140
4 3297.582 2985.642 2867.150 2564.507 2376.270 2178.628
5 3026.216 2785.186 2688.582 2434.257 2272.195 2093.187
6 2740.147 2575.240 2502.055 2299.564 2165.279 2005.613
7 2437.599 2354.546 2306.512 2159.927 2055.195 1915.706
8 2116.868 2121.845 2100.882 2014.856 1941.615 1823.278
9 1776.322 1875.873 1884.083 1863.864 1824.215 1728.142
10 1414.401 1615.367 1655.022 1706.476 1702.672 1630.124
11 1029.617 1339.058 1412.591 1542.220 1576.663 1529.053
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Table 2.4: Theoretical Ram an (wavenumber) shifts for the first ten lines of the Stokes 
Si~, Q i- and 0 \-branches for the six hydrogen isotopologues (calculated from energy 
levels in LeRoy [Roy 12]).
Ram an Shift S\{J)  /  cm'-1
J" h 2 HD HT d 2 DT t 2
0 4497.820 3887.662 3663.017 3166.35 2888.114 2581.099
1 4712.887 4052.177 3810.325 3278.513 2982.410 2657.277
2 4916.990 4209.942 3952.093 3387.252 3074.177 2731.705
3 5108.388 4359.923 4087.487 3492.084 3163.070 2804.158
4 5285.577 4501.194 4215.754 3592.556 3248.767 2874.423
5 5447.324 4632.952 4336.229 3688.258 3330.970 2942.299
6 5592.675 4754.532 4448.345 3778.827 3409.405 3007.600
7 5720.963 4865.404 4551.641 3863.942 3483.833 3070.157
8 5831.790 4965.179 4645.758 3943.342 3554.044 3129.816
9 5925.008 5053.604 4730.441 4016.812 3619.858 3186.446
Ram an Shift Q\(J )  /  cm
J" h 2 HD HT d 2 DT t 2
0 4161.147 3632.143 3434.846 2993.606 2743.324 2464.498
1 4155.234 3628.287 3431.608 2991.497 2741.715 2463.342
2 4143.447 3620.593 3425.146 2987.283 2738.500 2461.033
3 4125.855 3609.096 3415.486 2980.979 2733.688 2457.575
4 4102.565 3593.850 3402.667 2972.604 2727.291 2452.976
5 4073.717 3574.922 3386.742 2962.184 2719.326 2447.245
6 4039.478 3552.398 3367.774 2949.75 2709.812 2440.393
7 4000.044 3526.376 3345.837 2935.338 2698.775 2432.436
8 3955.630 3496.967 3321.016 2918.994 2686.241 2423.388
9 3906.472 3464.295 3293.406 2900.763 2672.240 2413.268
Ram an Shift 0 \ { J )  /  cm -1
J" h 2 HD HT d 2 DT t 2
2 3806.774 3365.074 3196.975 2814.539 2593.710 2344.432
3 3568.202 3185.206 3036.769 2693.963 2492.993 2263.640
4 3329.022 3004.501 2875.720 2572.635 2391.614 2182.304
5 3091.184 2824.095 2714.741 2451.079 2289.944 2100.662
6 2856.466 2645.054 2554.687 2329.798 2188.336 2018.946
7 2626.437 2468.346 2396.350 2209.264 2087.131 1937.382
8 2402.433 2294.833 2240.445 2089.917 1986.648 1856.181
9 2185.553 2125.267 2087.602 1972.159 1887.182 1775.547
10 1976.654 1960.280 1938.364 1856.350 1789.006 1695.667
11 1776.373 1800.384 1793.187 1742.805 1692.364 1616.715
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When comparing the calculated Raman line positions using the two methods signif­
icant discrepancies can be noted. In chapter 6 the line positions for the non-tritiated 
have been measured and are compared to these calculations from first principles and 
based on spectroscopic constants.
2.4 N on-linear R am an scattering
Ram an signals can be enhanced by either using clever signal amplification and collection 
techniques (see chapters 5 and 8 and/or Pearman et al [Pea08]) or by looking into non­
linear Raman spectroscopy. In normal Raman spectroscopy, with the theory described 
in the sections above, the incident radiation consisted of one monochromatic wave for 
frequency uj\. In non-lineax Raman spectroscopy, the incident radiation comprises two 
overlapping beams of frequencies and U2 - If u>2 is varied whilst keeping uq constant, 
the intensity of the scattered radiation increases dramatically when — 0J2  = o;m, 
where u m is the molecular frequency from Raman scattering. This condition is called 
the Raman resonance and can be satisfied in a couple of ways, and thus splits non-linear 
Raman spectroscopy into two main groups, namely
1. Stimulated Raman (gain or loss) spectroscopy (SRS)
2. Coherent anti-stokes (or stokes) Raman scattering (CARS)
Below, each of these methods is briefly sketched individually.
2.4 .1  S tim u lated  R am an  spectroscopy
In SRS u>i > u>2 with the Raman resonance condition uq — UJ2 = wm and ws = u>2 = 
<^1 ~  Wm- This situation can be visualised as the interaction of the radiation within 
the sample material, resulting in the annihilation of a photon of energy Uui and the 
creation of a photon of energy T1U2 . This means that, if before the interaction the 
radiation consisted of n\  photons of and UJ2 , it now consists of (ni — 1) photons 
of energy hu  1 and (n2 +  1) photons of energy 7ujJ2- The process is a Stokes Raman 
process like in normal Raman scattering. However, it is stimulated under the presence 
of radiation of frequency u>2 =  —u m and produces a gain in intensity of frequency U2 - 
It should be noted that, the gain in intensity can be exponential and that the gain in 0J2 
corresponds directly to a loss in u \ . Also the opposite (anti-Stokes) process can occur 
where a photon of energy Tiu2 is annihilated and a photon of energy Tiw\ is created. It 
should also be noted tha t as the number of photons of frequency u)2 goes to zero, SRS 
tends to normal Raman spectroscopy. The energy level diagram for stimulated Raman 
scattering is shown in figure 2.3 i.
The main disadvantage of SRS is that the probe beam is mixed with the scattered 
radiation as the amplification only occurs in the direction of the probe beam. This
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i) SRS ii) CARS
w , is tuned to, is tuned
U)5 = (Oj - O),
- |r )
b>l U)2 U)s = U>1 - U)„
Figure 2.3: Energy level diagrams for non-linear scattering: (i)Coherent anti Stokes 
Raman scattering (CARS) and (ii) stimulated Raman scattering (SRS)
means different methods are needed to remove the probe beam and obtain the scattered 
signal on its own.
The SRS process has been extensively studied for solids, liquids and gases (See e.g. 
Owyoung [Owy78] and Eckhardt [Eck62]). A variety of different methods of experi­
mentally achieving SRS have been developed over the years; some examples are given 
below
• In 1978 Owyoung [Owy78] took measurements of the Q\  branch in hydrogen, with 
a gas pressure of 266.64 mbar with a 450 mW pump beam and a 15 mW probe 
beam. The detection m ethod was using a silicon photodiode. Owyoung reports 
that SRS enables high resolution Raman spectra to be taken in the presence of 
background fluorescence and luminescence. It also states th a t the sensitivity is not 
reduced by increasing the resolution of the measured spectra. The quoted detection 
limit for a 1W  pump beam and 10mW probe beam with a 3s integration time 
for H2 is 4.67 mbar
•  Multiple authors ([Plo07], [McCam03] and [WittOO] and others) have used high 
powered, pulsed beams as the pump and probe beams, which leads to very large 
amplifications of the Raman signal. McCammant et al [McCam03] compare their 
measured femtosecond SRS (FSRS) spectra with 90° Raman. They state th a t to 
obtain a signal-to-noise ratio of 100 using rhodamine 6G as the scattering substance 
requires an acquisition time of 11 s for FSRS. For 90° Raman an acquisition time 
of 180 s is required. This corresponds to an order of magnitude gain in the system 
sensitivity.
• An innovative variant of SRS was developed by B arrett et al [Bar79] and [Bar85] 
called photoacoustic Raman spectroscopy (PARS). The excitation process is the
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same as for SRS. However, the difference is in the method of observing the signal. 
In SRS the amplification is observed in the same way as normal Raman i.e. observ­
ing the scattered light. In PARS during or following stimulated Raman scattering, 
collisional relaxation of the excited molecules produces a pressure change in the 
sample medium. This pressure change is then detected by a microphone. At least 
one of either the pum p or probe beam needs to be pulsed or modulated. Chopped 
continuous wave (cw) laser beams can be used, although the overall enhancement 
is lower. In B arrett [Bar85] sensitivity limits (signal-to-noise ratio of 1) for a va­
riety of gases are reported with an observed sensitivity limit of 1 ppm of CH4 in 
1 bar N2 buffer gas using 50 and 14.5 m j pulses of the pump and probe beam re­
spectively. W hen a CW source was used a signal-to-noise ratio of approximately 
30 is observed for 1066.58 mbar of methane. The authors do not state  an exact 
gain when using pulsed sources. However, a calculation is performed that shows 
for low power CW PARS the Stokes gain is of the order of 10-5  per cm. For 
high power pulsed sources the Stokes gain is of the order of 5 per cm. This is an 
increase of 5 orders of magnitude.
Of the experimental methods of achieving stimulated Raman scattering, PARS seemed 
the most interesting. While first attem pts at PARS were undertaken by our group, the 
research is beyond the scope of this work, but will be looked into in more detail by other 
members of the KATRIN LARA group in the future.
2.4 .2  C oherent an ti S tokes R am an scattering
In CARS cji > u>2 with the Raman resonance condition u\  — u>2 = and u s = 
2ui  — U2 = u>i +  (tui — CJ2 ) = oj\ +  u m. This situation can be visualised, if we consider 
the frequency combination of 2u\  — 0J2 and vary 002 as above until the Raman resonance 
condition is satisfied. A CARS spectrum is obtained by varying UJ2 over the desired 
range of u m and the CARS spectrum is superimposed on a background of week non­
resonant scattering given by 2u j \  — 0J2 . The energy level diagram for CARS is shown in 
figure 2.3 ii.
CARS will not be discussed further as the CARS resonance is much more difficult to 
tune than SRS, even though others in the literature have found that it may be slightly 
more sensitive [Oki99] in favourable cases.
CARS is mostly used by research groups investigating solid samples in biomedical 
applications (for e.g. see [Eva05], [Bon09] or [DowOl]).
Chapter 3
Theory of Ram an intensities and 
depolarisation ratio  
m easurem ents
3.1 C hapter overview
In this chapter the theory behind Raman intensities is described. Specifically, the angu­
lar dependence of the line strength function is calculated, so th a t a full integral intensity 
description over the solid collection angle is obtained.
The solid angle is parameterised by setting the integration limits appropriately. This 
has been calculated for the collection angle, which is governed by two separate apertures; 
this is the case in the KATRIN LARA systems and any system where a cell is used to 
hold the gas mixture. The second aperture becomes im portant when scattering from 
an extended source is taken into account. The integration limits have been defined for 
situations where the window radius rw is greater than the focal lens radius ry and visa 
versa.
The intensity theory is applied to depolarisation measurements and the theory is 
used in the analysis of depolarisation measurements for the hydrogen isotopologues and 
atmospheric gases. This is discussed further in chapters 6 and 7. It is also discussed in 
[SJLa] and [SJLb] in the form of the DepolTools analysis software.
The theory is needed to calculate the intensity of the scattered light. The measured 
intensities can be used to determine the composition of the gas mixture. The theory 
discussed here is a condensed form of the more thorough treatm ent used in Long [Lon02].
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3.2 Ram an intensities
3.2.1 A im s o f th e o re tic a l d iscu ssio n
The aim of this section is to produce a full theoretical description of the intensity 
of Raman scattered light for diatomic molecules. This involves extending equation
(2.4) to produce quantities that can be defined from an experimental point of view 
and considering the individual terms such as the wavelength dependence. During this 
derivation certain approximations are needed, which are valid for discussions relating 
specifically to the hydrogen isotopologues.
Ee j a few  eV
✓
0 —1
Excitation
JT - ei
Oj, Qj, Sj
| i>
Evl 0 .1  -  0.2eV
v.O v0 >
Figure 3.1: Sketch highlighting the energy levels and scattering diagram considered 
for the Raman intensity derivation. Ee are the electronic energy levels, Ev are the 
vibrational energy levels and Ej are the rotational energy levels.
Figure 3.1 contains the energy levels found in a diatomic molecule. The notation 
uses the selection rules discussed in chapter 2. The figure shows that in hydrogen 
isotopologues (as for many other gaseous inorganic and organic molecules) one finds 
Ee > Ev > Ej, which means that only Ee,o and Ev q contribute to the Raman intensity 
and a range of Ej levels are observed. The influence this has on the Raman intensity is 
discussed in section 3.2.5.
The scattering geometry is also considered as it is needed when the line strength 
function is derived using the relationship between the electric field and the electric 
dipole moment from chapter 2. This derivation is then performed in section 3.3.
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3.2 .2  In trod u ction  to  R am an  in ten sity
Provided the transition polarisability tensor is symmetric, the intensity of Ram an scat­
tered light is given as
I (6;ps ,pl) = kpi70{v0 -  i>Vjj ) 3giNi$(a2, °/2,0)Z (3.1)
where 9 is the angle defining the observation direction relative to the incident radiation; 
pl and ps define the polarisation of the incident and scattered light respectively; kp is 
a constant defined in equation (3.2); i7q is the wavenumber of the excitation radiation; 
Uy j  is the wavenumber of the Raman shift; gi is the overall statistical weight of the 
initial state; Ni  is a population factor where the definition is dependent on the transition 
involved. X is the irradiance of the incident radiation and 4>(a2, 7 2, 6) is the line strength 
function, which is parameterised by the polarisability tensor components a and 7  and 
is dependent on the angle scattering geometry. This intensity equation is calculated 
from equation (2.4) given in chapter 2 using the time-induced electric dipole vector. 
This calculation leads to the line strength function. The line strength function will be 
discussed in more detail, as the polarisability tensor components are dependent on the 
transition and can greatly influence the scattered light intensity.
The constant kp is related to the perm ittivity of free space, eo, by
7T2
kp = -2 (3-2)
e0
Experimentally this constant is embedded with the spectral efficiency of the detector as 
a separate constant K  =  kp x Se where Se is the spectral efficiency. K is the measured 
value when the spectral efficiency of the detector system is calculated. This changes 
equation (3.1) to
W P ' . P * )  =  -  P y . j f g i N M a 2^ 2^ ) !  (3.3)
The individual terms of the Ram an intensity will now be discussed.
3 .2 .3  Irradiance
The irradiance, X, is directly proportional to the power of the excitation light source. For 
most of the measurements in this work the source is a TEMoo output from a Nd:YAG
laser (see chapter 4). This can be approximated as a Gaussian beam, given by
(3.4)
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where u 0 is the beam waist and r  is the beam radius. Gaussian beam propagation is 
discussed in a little more detail in chapter 4. To obtain the irradiance of the beam, an 
integral over the scattering volume needs to be performed. The scattering volume of 
LARA related measurements is discussed in more detail in chapter 4, relating directly 
to  depolarisation measurements in section 3.4.
3 .2 .4  W avelength  d ep en d en ce
The wavelength dependence of the Raman intensity is usually described in the literature 
as I  oc P4. P is the wavenumber of the scattered radiation, which is equal to i70 -  v j  
where i7q is the wavenumber of the exciting radiation and v j  is the Raman shift of the 
scattered radiation, which is the invariant for the scattering substance.
At this point we would like to make an im portant comment: the I  oc P4 relationship 
is only an approximation for small Raman shifts. The correct proportionality of the 
intensity with respect to wavelength is shown in equation (3.3) and is
I  oc P0(i70 -  Vv,j )3 (3.5)
This change in relationship was noticed during spectral calibration measurements at 
KIT [Schl3] that using P4 lead to a disagreement between the theoretical and measured 
intensities. However, when the Pq(i7q — t y j )3 notation was used the experimental and 
theoretical intensities matched. McCreery [McC02] argues tha t the P4 agreement is 
valid for intensity measurements in W /s, whereas the (i?o — Vv,j)3 relationship is valid 
for measurements in photon/s (such as a CCD detector). This argument may not be 
completely correct however, the (Pq — j/^ j )3 relationship comes out of the the Einstein 
coefficients, which is also dependent to the third power.
Note tha t if v j  «  vq the P4 approximation is valid. However, as the Raman shift 
of the vibration-rotation lines of interest in the hydrogen isotopologues is between 2000 
and 4000 cm -1 the wavelength relationship cannot be expressed this way and leads to a 
disagreement between experiment and theory as stated above. Therefore in all intensity 
equations in this work the Po(Po — i y j )3 wavelength dependence relationship will be 
used.
3 .2 .5  S ta te  p op u la tion  N
If the scattering substance is considered as a system of N molecules in thermal equilib­
rium, the number of irradiated molecules, iV*, in the initial energy level i with energy, 
E, and degeneracy, gi, is given by
Ni  =  K ^ M - E i / k T )  (3 6)
Q
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where k is the Boltzmann constant, T  is the tem perature of the irradiated molecules 
and Q is the molecular partition function and is given by
Q = Y t g} ex9 ( - E 1/k T )  (3.7)
3
where g j  is the statistical weight of the energy level E j .
To determine N{, Q needs to be determined. The molecular partition function Q 
can be approximated (reduced) to  a product of three independent, individual partition 
functions, for the electronic (Qe), vibrational (Qv) and rotational ( Q r ) term s as [Lon02]
Q = QeQvQn (3.8)
where the individual partition functions are given as
Qe = ^ 2  9ej exp(—Tejhco/kT)  (3.9)
3
Qv = ^ 2  9vj exp( -G jh c o /kT )  (3.10)
j
Qr  =  ^ 2 g R j e x p ( - F j h c 0/k T )  (3.11)
j
in all the equations h is Planck’s constant and Co is the speed of light in a  vacuum. T ej  
is the electronic energy term, G j  is the vibrational energy term  and F j  is the rotational 
energy term.
In this work, all the Raman transitions considered are in the same electronic energy 
level; the ground electronic energy level. This means it can be assumed that T ej  = 
T e j  =  T ej  = 0 which means Qe = 1. This is valid as most excited electronic energy 
levels are > 1 eV c.f E’jaser =  2.33 eV.
For the vibrational partition function it can be assumed th a t the molecule is under­
going simple harmonic motion, see Long [Lon02]. Then for diatomic molecules, w ith a 
vibrational wavenumber v:
G(v) = (v +  i)*> (3.12)
where v > 0 and an integer. If we choose to measure all energies from the zero-point 
energy level, defining Go(v) and substituting for G(v) gives
G0(v) =  G(v) -  G(0) =  (v +  i ) P  -  i p  =  v v  (3.13)
If we then substitute Gq(v) for G j iy )  in equation (3.10) and assuming th a t the vibra­
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tional energy levels are non degenerate by setting g vj  = 1 leads to
Qv = Y  exp(-vt>hco/kT) (3.14)
V
As long as v  is sufficiently large, all the exponential terms where v > 0 in equation 
(3.14) can be neglected, which simplifies Qv to Qv = 1. A point to emphasise is that 
this simplification can be used for the hydrogen isotopologues since the related is 
large. However, the effect of this term  is observed in the Raman spectra of polyatomic 
molecules as “hot bands” i.e. Raman excitation from the v" =  1 to v' =  2.
The rotational partition function cannot be simplified in the same manner. The 
rotational degeneracy, g r ,  for a symmetric top molecule is a product of the nuclear spin 
degeneracy (gn) and the rotational degeneracy (gjk)- In this work we mainly deal with 
diatomic molecules. In the case where a diatomic molecule is treated as a rigid rotor, 
Q r  becomes
Qr  = Y ,  J  +  1) exp (—Fjhco/kT)  (3.15)
j
Comparing this equation with equation (3.11) implies that gRj = <7n(2J  +  1). 2J  +  1 is 
the rotational degeneracy as there are 2 J  +  1 energy levels with the same energy.
The individual partition functions can be substituted into equation (3.8) and then 
substituting for Q into equation (3.6) gives a full expression for N{ as
N , =  N g n(2J  +  1) exp(—Fjhco/kT)
E j  0n(2 J  +  1) exp ( -F jhco /kT)
This equation can now be used with the appropriate values of the nuclear spin degeneracy 
inserted for each rotational quantum number J. This will not be discussed in any more 
detail here. However, a point to note is that the nuclear spin degeneracy is different for 
odd and even values of J for the heteronuclear diatomic molecules. For more details on 
this the reader is directed to  for example the textbook by Herzberg [Her50].
3 .2 .6  S ca tter in g  g eom etry
To understand the notation, when discussing Raman intensities, the figure showing a 
generalised light scattering experiment, from the previous chapter, is repeated for clarity 
as figure 3.2. The figure shows the angles 0 and cp, which define the direction of the 
scattered light. 6 also defines the illumination-observation geometry. In practice the 
observation plane is usually at
•  0 = 0 (forward Raman),
•  6 = mr/2  where n is an odd number (90° Raman)
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Figure 3.2: Generalised light scattering experiment. The laser beam propagates along 
the z-axis and the angles define the direction of the scattered light. The scattering point 
is at the axis origin.
• or 9 =  7r (backwards Raman).
As is visualised in the figure, the laser beam propagates along the z-axis, 6 is the angle 
between the z-axis and the scattered ray and p  is the angle between the scattered ray and 
the x-axis. The scattered ray has the unit vector rig, defining its direction of propagation 
and the incident radiation has the unit vector r ig ,  defining its direction of propagation. 
In this work, the unit vector n l0 = ez.
Using this scattering geometry with the laser beam moving along the z-axis, it is 
useful to define a separate coordinate system defined by a,b and c, with the unit vectors 
ea, Cb and ec, to obtain angular-dependent equations for the terms in equation (3.1). 
In theoretical situations, of non-divergent incident and scattered beams, </? — 0; this is 
referred to as the single-point, zero solid-angle (SPOSA) approximation of the collection 
geometry. In this approximation, the coordinate system is defined such that rig =  ea, 
which lies in the scattering plane defined by the x and z-axis, ec is perpendicular to ea 
but also lies in the scattering plane defined by the x and z-axis and e^ , is perpendicular 
to this scattering plane. Then the unit vectors are defined as
r ig  = ea — ex sin 6 + e z cos 6 
£b =
ec = — ex cos 6 + e z sin 6
(3.17)
(3.18)
(3.19)
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However, in real measurements, the divergent scattered radiation is collected over a 
finite solid angle to increase the signal of the measured light. In this situation, </? and 9 
are varied to define the collection solid angle. As a consequence the coordinate system 
needs to be redefined for different unit vectors ea, and eQ. These unit vectors have an 
additional angular dependence in terms of ip and are defined such th a t rig =  eg, which 
is the scattered ray in figure 3.2 and e^ =  e a, e& =  e& and e£ =  ec when <p =  0 then the 
unit vectors are
Uq = ea = ex cos <p sin 6 +  ey sin ip cos 9 -f e z cos 9 (3.20)
eb = —ex simp + e y cos (p (3.21)
eg =  — ex cos <p cos 9 — ey sin ip cos 9 +  e z sin 9 (3.22)
One last geometry definition is related to the polarisation of the incident and scattered
radiation. In this work, the polarisation of the incident excitation radiation is always 
linear and the polarisation is defined with respect to the scattering plane. The scattering 
plane is usually the plane parameterised by the x-axis and z-axis (as is shown in figure
3.2).
•  _LZ defines incident radiation where the polarisation direction is perpendicular to 
the scattering plane,
• ||z defines incident radiation where the polarisation direction is parallel to the 
scattering plane,
• _LS defines scattered radiation where the polarisation direction is perpendicular to 
the scattering plane
• and ||s defines scattered radiation where the polarisation direction is parallel to 
the scattering plane.
It should be noted that, combining this notation with the unit vectors above, the vectors 
eb and are the ||s component and eQ and ec are the _LS. Also that ||* corresponds to 
the y-axis and _L* corresponds to the x-axis.
In most theoretical considerations, the SPOSA approximation is followed as it elimi­
nates integrations over potentially complicated solid angles in the collection path. When 
the line strength function is discussed in section 3.3, the SPOSA approximation will be 
used initially and then expanded to the extended source, non-zero solid angle (ESSA) ap­
proximation th a t will lead to actual, experimental intensities tha t need to be integrated 
over the solid angle.
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3.3 T he line strength  function
To derive the line strength function, it proves useful to define equation (2.10) in chapter 
2 as three time-dependent linear equations
(P x o )  =  ( & x x ) E x o +  ( O t x y ) E y $  +  (o t x z ) E z  o 
( P y o )  =  ( & y x ) T /x 0 T  ( ^ y y ) - ^ y O  T  ( ^ y z ) - ^ z O  
(P z O ) =  ( ® z x ) - £ ' x 0 “I” ( ^ z y ) - ^ y O  T  (ocz z ) E z 0
(3.23)
(3.24)
(3.25)
These terms can then be appropriately substituted into equation (2.1) in chapter 2 with 
definitions of the electric field vectors given by the restricted polarisation of the incident 
and scattered beams as described above.
3.3 .1  S ingle p o in t, zero so lid  angle (SPO SA) ap p roxim ation
First we define the line strength function with the scattering geometry such th a t <p =  0 
i.e. the SPOSA approximation. There are four intensity configurations to be considered 
for linearly polarised incident radiation; these are 1(6; _LS, _l_*), 1(6; _LS, ||*), 7 (0 ;||s, | | l) 
and 1(6; ||s , _L*). These configurations have been selected as they are the simplest logical 
limiting cases to describe the polarisation. For diatomic molecules, vertical and horizon­
tal polarisations of the excited beam describe the maximum and minimum situations, 
as the molecule is axio-symmetric. For complex polyatomic molecules, this selection of 
perpendicular and parallel components may be insufficient to describe the dipole mo­
ment of a system completely. This would mean that a complete map of the Raman 
intensity dependence would need to be performed.
The derivation of the intensity components is included in appendix A. 1.1. The values 
for the four intensity configurations are just stated here:
1(6; ||s, l l ) = kpi70(i70 -  u v , j f g i N i ( ( a Xy ) 2 ) X  
I ( 6 ; ± s , ± l )  =  k u V 0 (i7 0  -  V y ^ f g i N i ^ o t y y ) 2 ) !  
1(6; ± s, II*) =  kzv0(vo -  V v , j ) 3 g i N i ( ( a y x ) 2 ) l
(3.26)
(3.27)
(3.28)
and
lls> ID =  kj>vo(vo -  i>v, j )3giNi (((ctzx)2) cos2 6
(3.29)
for the SPOSA approximation.
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3 .3 .2  E xten d ed  source, non-zero  solid  angle (E S S A ) ap p roxim ation
To bring the theory into line with a real measurement setup the line strength function 
will now be defined where p  and 9 are both allowed to vary i.e. the ESSA approximation. 
The four intensity configurations for linearly polarised incident radiation are the same as 
for the SPOSA approximation. The notation is changed to also include the dependence 
on p. The derivation of the intensity components is included in the appendix A. 1.2. 
The values of the four intensity configurations are just stated here:
1(9, p\ ||s, _Ll ) =  k „ i7 o (i7 o  -  PVjj ) 3giNi(^((axy)2) cos2 pcos2 9
+  ((ayy)2) sin2 pcos2 9 + ((&zy)2) sin2 9^1  (3.30)
I (9 ,p- ,LS, L %) = kDu0(i7o -  Pvj ) 3giNi^((ayy)2) -  (((a yy)2) -  ((axy)2)) sin2 p^jX (3.31)
I ( 9 , p ; ± s,\\l) = kpi70(]70 -  vv, j )3giNi(((oLxx)2) s\n2 p  + ((ayx)2) cos2 p ' j l  (3.32)
and
1(0, W IIs, IP) =  kpv0(Po -  0VjJ)3giNi^((axx)2) cos2 pcos2 9
+  ((a yx)2) sin2 p  cos2 9 +  ((a zx)2) sin2 9^1  (3.33)
for the ESSA approximation.
To complete the discussion, the isotropic averages included in the intensity equations 
will be discussed and defined in the following.
3.3 .3  Isotrop ic averages
Two isotropic averages of transition polarisability components are required to determine 
the intensity and polarisation components of the scattered radiation. These isotropic 
averages are used in the line strength functions embedded in the intensity equations 
derived above. For all measurements in this work linearly polarised light is used. The 
isotropic averages for linearly polarised light are (from Long [Lon02])
< K X)2) =  { { a y y ) 2 ) =  < ( a « ) 2 } =  { |c » (0>)/* +  ^ ( f f (2)) /i}  (3-34)
( K ) 2) =  < K * )2> =  <(«**)2} =  {2J- + 1) { ^ ( 5 <2)) / i}  (3-35)
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where i and /  are the initial and final state respectively and are the Placzek invari­
ants, which are
J / KfMf-.viJiKiMi =  ^  KfMf:JiKiMi ^ V^ a ^ K \V )l (3.36)
in their most general form. & are the Placzek-Teller b-factors.
For diatomic molecules this can be simplified as a diatomic molecule can be regarded 
as a special case of a symmetric top with K  — 0 and A K  = 0. This reduces the 
definitions of g^)  and g f f  to (for the complete derivation see Long [Lon02])
=  3(2 J* +  l W u V )!2 (3.37)
with A J  =  0 i.e. J? = J 1, a2 =  |^f*o°^|2 and
=  ( 2 j i  +  l ) ^ 0 : ^ o |l < ^ / l'Kl^>l2 (3-38)
with A J  = 0, ±2 i.e. j f  = J l , J l ±  2 and 7 2 =  | |a o ^ |2. For diatomic molecules the 
bj/Q.jio factors for the three vibration-rotation branches Q i, Oi and Si are: 
for A J  =  0 (Qi)
l2 J ( J  +  1)
(2J  -  l ) (2 J  +  3)^ 0:^0 =  ,nT ox (3.39)
for A J  = +2 (Si) 
and for A J  = —2 (Oi)
b2 -  3 (J  +  l ) ( J  +  2)
Jl+2,0:Jl0 -  2 (2J  +  1)(2J  +  3) { }
b 2  =  3 J ( J - 1 )  , .
2 ( 2 J - 1 ) ( 2 J  +  1) 1 j
Equation (3.37) implies th a t g^f j f . viji = 0 when A J  = ±2.
Substituting equations (3.37) and (3.38) into equations (3.34) and (3.35) gives
< K * )2> =  ( ( t t y y ) 2 )  =  < (a« )2) =  +  ^<>J/o:Jiol(l’/ l7'l'’i) |2} (3-42)
{(<*xy)2) =  <W *)2> =  ((a**)2) =  { ^ / o ^ o K ^ k ) ! 2} (3-43)
These are the complete expressions of the isotropic averages, which can be used to 
determine the line strength functions for both SPOSA and ESSA approximations.
3 .3 .4  C o m p lete  line  s tren g th  fu n ction
The full intensity equations (and hence the line strength functions) can now be deter­
mined for the SPOSA and ESSA approximations, by substituting equations (3.42) and
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Table 3.1: Table showing the full 9 dependent line strength functions of the SPOSA 
approximation and the general 9 and ip dependent line strength functions of the ESSA 
approximation for diatomic molecules.
SPOSA approximation
ps ,pi $ (0 ;ps,pf)
± 8, ± i 
II*. -L* 
xm i*
||* jji
K ^ H ^ ) ! 2 +  ^ j f0.ji0\(vf \'y\vi)\2 
& 2jfO:J*o\(v f \l\vi )\2 
& 2JfO:To\(v f W vi)\2 
^ (4 5 |(u / |a|u i ) |2 +  462/0:Ji0|( ^ |7 |u i) |2)cos2 6> +  362/0;Ji0|(i;/ |7 |ui) |2 sin2 9)
ESSA approximation
ps,pi §(9,ip-,p8,pl)
± 8, _LZ
IIs, -L4 
-Ls, ir 
iis , ir
\(vf\a\vl)\2cos2 <p+tt 6J /0:J»o(4 SlnV )  
|(u-f|a|uz) |2 sin2 </?cos2 0 +  )l 62/Q.JiQ(3 +  sin2 p> cos2 9) 
|( i^ |a |u z) |2 sin2 ip +  ^ 45—^ -^jfQ.jiQ(3 +  sin2 p> ) 
|(i>^|a|uz) |2 cos2 ip cos2 9 +  d 62/Q.JiQ(3 +  cos2 (pcos2 9)
(3.43) into the appropriate intensity equations in sections 3.3.1 and 3.3.2 above.
The resultant line strength function equations for the SPOSA approximation for di­
atomic molecules, are shown in table 3.1. The appropriate selection rules would need 
to be applied to obtain the individual branch line strength functions, as for certain 
transitions some terms are zero as can be seen in equation (3.37) above.
To obtain the line strength function equations for the ESSA approximation for di­
atomic molecules, a few extra lines of calculation will be helpful for the four polarisation 
configurations 1(9, ||s , _LZ), 1(9, (p; J_s, _LZ), 1(9, p\ ||s, ||z) and 1(9, p\ ||s , ||z). This is in­
cluded in appendix A. 1.3. The line strength functions for the ESSA approximation 
can be extracted from the final equations for each polarisation regime derived in the 
appendix and are collated in table 3.1.
The complete line strength functions can now be used when depolarisation measure­
ments are discussed in the next section. However, there are a few additional considera­
tions that are needed to completely match the theory with experimental data. The first 
of these is the effect of optics in the beam path on the polarisation of the incident and 
scattered radiation. Then the integration of the intensity over the real solid angle will 
be considered.
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3.3 .5  E ffects in d u ced  by op tica l com p on en ts
To obtain a direct comparison between the purely theoretical SPOSA description of Ra­
man measurements, the theory of the line strength function has already been extended 
to the ESSA approximation; however, in real experimental situations the exciting radi­
ation and scattered radiation pass through optical components on their way into and 
out of the scattering region.
W hen polarisation of a light beam is considered theoretically, it is assumed to be 
perfect. However, in reality there will always be a small “impurity” left over in the 
perpendicular component. This is usually quoted as a ratio (e.g. for a Gian-Taylor po- 
lariser this is typically 105 : 1) and when using a polariser the “impurity” is usually low. 
If the beam then passes through optical components, the “impurity” in the laser beam 
may increase due to birefringence in the optic. The “impurity” then needs to be taken 
into account in the theoretical description of the polarisation dependent components of 
the Ram an intensity i.e. the line strength function.
Mathematically, the admixture can be taken into account by using an associated 
param eter £ =  cos2 a , where a  is the angular deviation of the polarisation from the 
vertical (_LZ) polarisation direction. Using this description,
•  £ =  1 would correspond to perfect vertical (linear) polarisation,
•  £ =  0.5 where its ± l- and ||*-polarisation components are of equal magnitude
• and a value of £ =  0 corresponds to a perfect horizontal (linear) polarisation.
The param eter £ will be referred to as the laser beam (polarisation) cleannness (at the 
scattering centre).
In chapter 5, reasons are given for inserting a sheet polariser into the collection path 
of the scattered radiation. This reduces the number of possible line strength function 
components from four to two and an effective line strength function (^effective) can be 
determined. If an analyser (polariser) th a t only allows the _Ls-polarised light component 
to pass, is inserted into the light collection path , the line strength function becomes an 
effective line strength function, ^effective? which is
^effective ( <P, 0)  =  £$_!_•,_|_< (<P> # )  +  U  “  (3 -4 4 )
The effect of the optics in the collection path  are measured and discussed in chapter 
6 and in Schlosser et al [Schl2a]. As a result of these discussions, the additional effects 
of the optics in the collection path can be neglected and the required theory will not be 
discussed in this chapter.
A full description of the measured Raman intensity is obtained by inserting equation
(3.44) into equation (3.3).
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As  this full Raman intensity description is dependent on the collection angle, the 
intensity would need to be integrated over the scattering solid angle to obtain the true 
theoretical form of the measured Raman intensities for diatomic molecules. This changes 
equation (3.3) to
l (0 ;ps,pl) = K u 0(i70 -  vv, j )39 iN i l  [  [  [  $  (a2 , J 2,0) sin OdOdzdp (3.45)
J  J J<p,z,0
= Ki70(u0 -  uvj ) 3g iN i l  /  /  /  $ ef[ective(p, 6) sin 6dOdzdp
J J J  <p,z,0
Note tha t the solid angle of the collection system needs to be defined accurately to 
ensure the integration is performed correctly.
3 .3 .6  Solid  angle p aram eterisation
The solid angle influences the integration by defining the limits of the individual ip, 9 and 
z integrals. A complete derivation of the solid angle in this work is shown in appendix 
A .1.4.
The integration is parameterised for a solid angle governed by two apertures, such 
tha t all the parameterisations are dependent on ip. A sketch of the collection optics and 
solid angle for the ESSA approximation is shown in figure 3.3. The parameterisations 
are set as the integration limits for the intensity integral. This leads to the full integral 
for the Raman intensity with limits
r ifima.x /  r v ^ p )  r  ^ m a x  (* .¥> )
I ( 6 ] P S, P1) =  2A  2  /  /  ^ e ffec tiv e  (v^i ^ )  s i n  BdBdzdp
Jo 0  J o min(z,tp)
r f w
T j  I ^effective(^: ^) s in QdQdzdp
m in
pZmax{lp)  r0m&x.{z,ip) \
+  /  /  $ eftective(p ,6)sm9d9dzdp  I (3.46)
J r w J0min(z,<P) J
with the appropriate change of 77 to fj when changing between ry > rw and rw > r j  and
A  is the collated terms outside of the integral, given by
A = Ki70(i70 -  vvj ) zgiNiX
These parameterisations are not limited to two apertures as, even if the solid angle 
appears to be more complicated, an additional aperture can be inserted in front of the 
collection lens. The size of this aperture can then be adjusted to ensure that the solid 
angle can be determined by these two apertures. This is the case with the depolarisation 
measurements in this work, as described in chapters 6 and 7; where the reasons for 
inserting this additional aperture are described in more detail.
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Figure 3.3: Sketch of the collection optics demonstrating the ESSA approximation and 
the limits used in the solid angle parameterisation. The top panel identifies the collection 
optics and the bottom panel identifies the integration limits.
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Now th a t the solid angle has been defined to give integration limits, the integral can 
be solved numerically and applied to depolarisation measurements.
3.4 D epolarisation  m easurem ents
To determine the composition of the gas mixture, using Raman spectroscopy, the mea­
sured intensity needs to be fitted to a theoretical intensity curve. This may be obtained 
using a combination of the following:
•  spectral resolution,
•  spectral efficiency,
•  transition probabilities embedded in the line strength function as the polarisability 
tensors,
•  known laser and Raman shift positions,
•  state population N.
The spectral resolution and laser and Raman shift positions are obtained experimentally 
with relative ease. However, obtaining the spectral efficiency is not trivial. Methods of 
measuring the spectral efficiency in the LARA system have/are being investigated by 
other members of the KATRIN LARA group in Rupp [Rupl2] and Napoli [Napl2]. The 
state populations can be calculated as is shown above in section 3.2.5.
The transition probabilities (polarisability tensors) have been derived from ab initio 
calculations [LRoy88] and [Roy 12]. However, to verify whether these are correct an 
experimental comparison using the Raman setups of the LARA group is needed for sev­
eral reasons. First, the theoretical values will only apply for the SPOSA approximation. 
W ith the ESSA extension, plus optics corrections (see section 3.3.5) tha t have been 
applied to the theory, we would need to verify that these are behaving as we expect. 
Second, there is no indication in the theory about how accurate the calculations are. 
The numbers have varied in the literature, as improvements to the calculations are made 
([LRoy88] and [Hun84]). Thus, an experimental verification would give an upper limit 
to the uncertainty of these values.
It is not easy to obtain the average polarisability and anisotropy directly from LARA 
measurements, as all the terms outside of the line strength function would need to be 
known to a high degree of accuracy. However, measuring the depolarisation ratio has 
become a relatively common method to verify the matrix elements.
3.4 .1  D ep o larisa tion  ratio
The phenomenon of depolarisation is associated with the change in the intensity, of 
the perpendicular and parallel components of the Raman scattered irradiation; either
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by changing the polarisation of the incident exciting radiation (for a fixed intensity 
component), or by measuring the intensity of the perpendicular and parallel components
between the two components (in either case) is referred to as the depolarisation ratio, 
P-
In this work, the depolarisation ratio is measured for a fixed scattered polarisation, 
_LS, and the depolarisation ratio is given as
Pobs is referred to as the observed (measured) depolarisation ratio. The theoretical 
description of the intensities within this ratio is obtained using the ESSA approximation,
3.3.5. The depolarisation ratio referred to in the literature is the same as the SPOSA 
approximation and this depolarisation ratio is given by
Following the theory described earlier in the chapter, the full expression for the de­
polarisation ratio (ESSA plus optics effect) is
and the integrals are parameterised over the collection solid angle as described in section
3.3.6. A m ethod is required tha t utilises the integration definition in pca\c to calculate 
P s p o s a  from the measured pQbs . Recall tha t £ is the cleanness for the polarisation of the 
incident laser beam at the scattering centre.
The reason th a t the depolarisation ratio enables verification of the polarisability ten­
sors, is th a t the ratio of intensities of different polarisations (of the same Ram an line) 
is equivalent to the ratio of line strength functions, as all other terms in the intensity 
equation are independent of the polarisation of the incident laser beam. For definitions
of the scattered radiation (for a fixed incident exciting radiation polarisation). The ratio
PobS I±  M< («,¥>) (#,¥>)
(3.47)
with the addition of optics effects (polarisation aberrations) as described in section
P s p o s a (3.48)
This can be calculated from the literature values of LeRoy [Roy 12] (collated in appendix 
A.4.1).
£ A +  (1
P ea k  g B + ( X _ (3.49)
where
(3.50)
(3.51)
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of other depolarisation ratio scenarios the reader is directed to Allemand [A1170] or Long 
[Lon02].
3.4 .2  S o lv in g  th e  in tegral
A dedicated software suite has been written to solve the integrals over the solid angle 
called DepolTools ([SJLb], [SJLa] and [Schl2a]). The software solves the integral for 
the intensity for a solid angle tha t is parameterised, as in section 3.3.6. A known 
depolarisation ratio [e.g. diatomic molecules Q i ( J  = 0) has a theoretical depolarisation 
ratio of 0] is required, along with a range of cleanness values, (£), to calculate pcaic. The 
software outputs a set of depolarisation ratios for each value of £ within the specified 
range. This enables a fit of pca\c vs. £ to be produced, allowing the laser beam cleanness, 
£, to be calculated using the measured depolarisation ratio of this known line. This beam 
cleanness is input into the second part of the program, along with the other measured 
depolarisation ratios, and the program calculates corrected depolarisation ratios, p s p o s a > 
which can then be compared with the theory. This method will be described in more 
detail in chapter 6, with direct application to the hydrogen isotopologues.
The theory described in this chapter has been applied to depolarisation measurements 
of the hydrogen isotopologues and some of the atmospheric gases. The full experimental 
procedure and results of these measurements are described in chapters 6 and 7, and are 
published in two publications [Jam 12a] and [Schl2a].
Chapter 4
Equipm ent for Ram an  
spectroscopy experim ents
4.1 C hapter overview
In this chapter the main equipment used in the spectroscopy research for this thesis is 
described. First, the equipment used in the laser Raman configurations is summarised 
with particular emphasis on the excitation sources, guiding optics, collection optics, 
laser Ram an (LARA) cell and the capillary Raman cell. Spectrometers and the CCD 
detectors will be discussed separately in more detail. Finally, the other components 
used are summarised with half-wave plates, photo detectors, analogue to digital (A/D) 
converters and beam position monitors (modified web cameras).
The theory behind Raman scattering was discussed in the previous chapters, 2 and 
3, where the parameters tha t directly affect the Raman intensity are discussed. Two 
Raman configurations (90° and 0°) are employed in this work, however, the majority of 
the components used are the same, just the transportation optics are changed.
The main excitation source is a frequency-doubled 2W continuous wave (CW) Laser 
Quantum Excel Nd:YAG laser. In the main LARA system at Tritium  Laboratory Karl­
sruhe (TLK) that will be used for the KATRIN experiment a more powerful Nd:YAG 
laser produced by the same manufacturer Laser Quantum, the 5W CW Finesse laser 
system, is used.
The scattering medium for KATRIN related measurements is a tritium  gas mix­
ture. Measurements have also been performed using atmospheric gases, liquid water 
and ethanol (for alignment). The cell used for the KATRIN Raman measurements was 
designed to  meet the radiation safety requirements so it can be used in a tritium  gas flow 
line. This was done previously by Taylor et al [TayOl]. While this design is optimised 
for 90° Ram an scattering, the loses are not too excessive for 0° (forward) Raman. The 
cell for capillary Raman was designed based on the work by Okita et al [OkitlO] and
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other test measurements to reduce fluorescence in the scattered spectrum.
The standard spectrometer used for the majority of measurements is the Acton Spec­
tra  Pro-500 spectrometer, in both Swansea and Karlsruhe Institute of Technology (KIT). 
The CCD detectors used are either a front illuminated open electrode CCD (Synapse) 
or a back illuminated open electrode (PIXIS) device.
A typical setup for laser Raman scattering is shown in figure 4.1.
The setup can be split into 7 main sections, namely
• excitation sources,
•  guiding optics,
•  scattering region,
•  collection optics,
•  spectrometer,
•  detector,
•  other components.
The equipment used for each section is discussed separately. For this, a general 
description is given of how the device works and the specific examples used in this work.
4.2 E xcitation  sources
The standard excitation source for modern Raman spectroscopy is a laser. A laser is 
an optical device th a t amplifies light, producing a directional, high intensity coherent 
beam. The beams wavelength is usually very pure i.e. the wavelength region is very 
narrow. The light emission from a laser is either continuous (continuous wave lasers) or 
pulsed. In this work, a continuous wave laser was used; a frequency doubled Nd:YAG 
laser th a t outputs light at 532 nm, which is the second harmonic of the fundamental 
1064 nm emission of the laser. The types of Nd:YAG laser in use are Laser Quantum  
2W Excel and 5W Finesse laser systems.
4.2 .1  N d:Y A G
A Nd:YAG laser is a standard laser system discussed in many textbooks. For more 
information on the theory of a Nd:YAG laser the reader is directed to e.g. Silfvast 
[Sil04]. Nd:YAG lasers can be lamp- or diode-pumped. In this work all Nd:YAG lasers 
in use are diode pumped (DPSS).
The output lasing emission of a Nd:YAG laser is 1064 nm. To convert the lasing 
emission to the required visible wavelength of 532 nm an intracavity frequency doubling
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Figure 4.1: Diagram of a standard Raman setup. The left hand side shows a flow 
diagram of the component sections. The right hand side shows the setup for 90° Raman 
measurements. Key: HR and BBHR = highly reflective broadband mirror, A/2 plate 
=  half-wave plate, BS = beam sampler, ND =  neutral density plates and LI to L5 =  
lenses (plano-convex or achromats).
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crystal is used. This is a non-linear crystal designed to double the incident 1064 nm 
to 532 nm as it passes through the crystal. The cavity of the diode pumped Nd:YAG 
lasers used in this work come in two configurations, end pumped and fibre pumped as 
is shown in figure 4.2. The end pumped configuration is used in the lower powered
I. E n d  p u m p e d  Dicbroic high reflector for 532nm  and 1064nm
(808nin high transmission) Dichroic high reflector 1064nin
808nm  Diode laser
N d:YAG crystal
Puinp imaging lens
Frequency doubling crystal
Dicbroic high reflector for 532nm  and 1064nm  
II: F ib re  p u m p e d  (808nm  high transm ission) Dichroic high reflector 1064nm
(532nm  output coupler)
F ib re  c o u p l e d
N d:Y A G  crystal
Pum p im aging lens
Frequency doubling cry stal
8 0 8 n m  D io d e  laser  bar
Figure 4.2: Configurations of diode pumped Nd:YAG laser cavity containing the intra- 
cavity frequency doubling crystal for 532 11111 output used in this work. 1: End pumped 
configuration (low powered lasers) and II: Fibre pumped configuration (Excel and Fi­
nesse lasers). Adapted from Silfvast [Sil04].
50 mW, 100 mW and 500 mW devices and the fibre pumped configuration is used in the
Laser Quantum 2W Excel and 5W Finesse laser systems. A point of note is that the 
diode bar and fibre are contained within the laser head, in the Excel laser, whereas they 
are situated outside of the laser head, in the Finesse laser system.
As mentioned above, the main types of Nd:YAG laser used in this work are Laser 
Quantum  2W Excel and 5W Finesse laser systems. The design parameters of these 
lasers are summarised in table 4.1. To achieve (or exceed) the quoted stability of the 
devices the laser heads need to be cooled to dissipate the heat output by the laser head 
and to hold the device at a constant temperature. The manufacturer advised against 
using air cooling and recommended using a water cooling system. The system used with 
the Excel laser in Swansea is a Julabo F34 EH chilling system connected to a custom 
built (by Laser Quantum) water cooling plate. The system used with the Finesse laser
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Table 4.1: Design param eters of the Laser Quantum  Excel and Finesse Nd:YAG laser 
systems.
Laser model Excel 2W Finesse 5W
Wavelength 
Polarisation ratio 
Polarisation orientation 
Beam diameter 
Ellipticity 
Power (Average) 
Stability (24hr)
RMS noise 
Mode structure 
Internal baseplate tem perature
532 nm 
>  100 : 1 
Horizontal 
4.0(5) mm 
1:1.09 
2328 mW 
0.13% 
0.17% 
TEMoo 
30° C
532 nm 
>  100 : 1 
Horizontal 
2.53 mm 
1:1.08 
5000 mW 
0.04% 
0.09% 
TEMoo 
28°C
in KIT is a Melcor MRC 300 connected to a custom built (by Laser Quantum ) water 
cooling plate. The cooling test measurements and optimisation for the Excel laser axe 
summarised in chapter 5 and in Alshahrie [Alsll]. Lower powered 50 mW, 100 mW  and 
500 mW  devices were also available for characterisation measurements.
The output beam from a green Nd:YAG laser is linearly polarised. In both the Finesse 
and Excel laser systems the output emission is horizontally polarised. A combination 
of a Glan-Taylor polariser and a half-wave plate are used between the laser output and 
the focussing optics to select the polarisation required for the application. These optics 
will be discussed in section 4.8.
4.3 G uiding optics
The guiding optics in the KATRIN LARA setup consist of the following components:
•  broadband mirrors, with a high reflectivity, to guide the laser beam to the scat­
tering region, and to align the beam in the sideways and vertical directions,
•  a Gian Taylor polariser to clean up the polarisation of the laser beam,
•  a half-wave plate to enable the polarisation of the beam to be changed,
•  and relevant lenses to focus the laser beam in the appropriate geometry.
The lens configuration for 0° and 90° Raman are different and are shown in figure 4.3. 
Please note in the forward Raman configuration th a t there is an option of monitoring 
the power of the light reflected off of the Glan-polariser. If this is not monitored the 
reflected light needs to be dumped for safety reasons
To maximise the intensity of the light, all optics in the laser beam path  axe AR- 
coated (anti-reflection) to  minimise reflections off the optic surface. The mirrors, lenses
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Figure 4.3: Diagram of guiding optics used in Raman setups. I: guiding optics for 90° 
Raman set up, II: Guiding optics for 0° Raman set up.
and Gian Taylor polariser have broadband coatings with a high anti-reflection region 
between 400 and 700 nm. As the half-wave plate is a wavelength specific optic the 
coating is optimised for that specific wavelength.
4.4 Scattering region
The scattering region is where the Raman interaction occurs. If one wishes to perform 
Raman measurements with samples other than the ambient air, a cell is required to 
store the gas. Two different cell designs were used.
4 .4 .1  L A R A  cell
The main LARA cell was designed by Taylor et al [TayOl] for use with the actively 
stabilised external resonator (ASER) signal enhancement apparatus at Tritium Labora­
tory Karlsruhe (TLK). It is designed to be used with 90° scattering experiments and a 
diagram of the cell can be seen in figure 4.4. The laser windows are coated with 532nm 
V-type anti-reflection coatings and the collection windows are coated with broadband 
coatings. To avoid damaging the coatings, the power density of the focussed beam needs 
to be kept as low as possible. To achieve this in the cell design, the laser windows are 
placed as far apart as possible within the dimension constraints of the TLK glovebox. 
On the other hand the collection windows are recessed to maximise the 90° collection 
angle. It turns out that in the current light collection configuration this is not the 
limiting aperture of the collection system (see chapter 6)
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Figure 4.4: The LARA gas cell design used in this work in Swansea and KIT. The figure
shows the laser beam path and the scattering collection angle of the cell. Adapted from 
Lewis [Lew07]
4 .4 .2  S c a t te r in g  re g io n  g e o m e try
To facilitate the appropriate selection of lenses, the scattering region geometry will be 
discussed briefly, including how lenses focus Gaussian beams.
When focussing laser beams, the radiation at the focus can no longer be considered 
as a point like source. The intensity profile of a TEMoo mode output from a Nd:YAG 
laser can be approximated as a Gaussian distribution. The intensity of the Gaussian 
beam propagating along the z-axis is given by [Lew07]
1(r’z) =  l l l t e )  e x p ( t 5 p )  (41)
r is the radial coordinate, z is the axial coordinate, Io is the intensity at the beam centre, 
u)\z\ is the radius of the beam at point z on the z-axis (it is also referred to as the ‘spot 
size’) and ujq is the minimum radius of the beam. The standard definition of the beam 
radius is defined as r when the intensity I(r, z) =  ^ I peak-
When focussing a Gaussian beam given in equation (4.1) the minimum radius uo is 
located at the geometrical focus. This is commonly referred to as the ‘beam waist’. The
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u>(z)
Figure 4.5: A focussed Gaussian beam. The green line represents the beam radius uj[z], 
zq is the depth of focus and 6 is the divergence angle.
beam radius is described by the function (from Demtroder [Dem96])
w[2)= “ ‘V 1 +
(4.2)
where the origin of this expression is defined by the beam waist, z q  is the depth of 
focus which is defined as the distance from the beam waist at which the radius is equal 
to \/2 ujo- Using this definition in equation (4.2) gives
u \zq] -  u jQ^j  1 +  ( £ ) ’ -  y/2u}0
this gives the depth of focus as
zo =
7TUJl
A
(4.3)
(4.4)
where A is the wavelength of the Gaussian radiation. Equation (4.4) can be substituted 
into equation (4.2) to give
(4.5)u[z] = u 0J l  +  ( — )2V z0
The depth of focus also applies when collecting scattered light.
Another term that is sometimes used when referring to the focal region of a Gaussian 
beam is the confocal parameter b. This is the length over which the beam radius is less 
than or equal to \/2ujo therefore based on the definition of the depth of focus b = 2zq.
A useful parameter in spectroscopy is the spot size of a focussed laser beam at c<;o- This 
can be calculated from the wavelength of the laser beam, its radius at the focussing lens 
(R) and the focal length of the lens (f). Under the geometrical optics limit (z >> zo) uj(z ) 
approaches a straight line. Using this approximation, equation (4.5) and the diagram
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in figure 4.5 the angle between the beam axis and u>(z) is obtained as
9 =  tan-> =  ta n ' 1 (4.6)
This equation can be rearranged to give an expression for ujq
X X  f  , .
w° =  ~ T - — a  =  (4 -7 )7r tan  6 ttR
The focal spot sizes (beam waist) and confocal param eter for a variety of different
focal length lenses when focussing the output of the Excel laser are shown in table 4.2.
The da ta  shows th a t the spot size of the laser beam varies between 2 fim  and 42 //m
Table 4.2: Focal spot size (beam waist u j q )  and confocal param eter of the Excel laser for 
a range of lens focal lengths. The measured radius at the lens is 2 ±  0.25 mm and the 
measured laser wavelength is 532.074 ±  0.002 nm. Note the wavelength changes by up 
to 0.03 nm when it is switched off and back on again.
Focal length (mm) Focal spot size (/im ) Confocal param eter (mm)
25 2.12 0.0529
50 4.23 0.212
75 6.35 0.476
100 8.47 0.847
150 12.7 1.91
200 16.9 3.38
250 21.2 5.29
300 25.4 7.62
750 42.3 21.2
so the minimum diameter of the beam at the focus is between 4/zm and 84 fim. The 
confocal param eter varies between 0.0529 mm and 21.2 mm. These two param eters are 
im portant when considering how the Raman light will be collected in the standard 90° 
and forward Raman configurations for the selected focal lens. Note th a t for most of the 
measurements in this thesis /  =  250 mm was selected.
4 .4 .3  C apillary  R am an cell
Using a hollow metal-lined capillary (fibre) as a Raman cell has the potential of enhanc­
ing the Ram an signal as explained in chapter 8 and the work of Buric et al [Bur09]. 
This requires a purpose built cell to house the capillary and enable different gas mix­
tures to be circulated through it. The selected capillary is a Doko Engineering 0.65m, 
silver-lined, hollow optical fibre VSS 1000/1600 with an inner diameter of 1000 /im  and 
an outer diam eter of 1600//m. It transm its wavelengths between 350 and 750 nm. The 
silver layer is coated with a thin polymer coating to protect the silver from oxidation
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when it is exposed to  air. The additional polymer does not alter the capillary’s trans­
mission properties. The cell design is shown in figure 4.6 top and a photograph of the 
cell is shown in figure 4.6 bottom. The capillary works as the reflectivity of silver ap­
proaches nearly 100% for grazing angles to the silver surface (Buric et al [Bur09]). For 
the grazing matching condition to be maintained along the fibre length, the capillary 
is kept straight and the focal length of the lens is appropriately chosen. As the laser 
beam reflects along the capillary, it is similar to it being refocused multiple times. This 
means th a t the Raman interaction region is the length of the capillary. The scattered 
Raman radiation will also be reflected by the capillary walls, so the scattered light over 
the entire Raman interaction region can be imaged and measured. In this work the 
capillary is 650 mm long. This is the maximum size based on the space inside of the 
enclosure in Swansea.
The cell windows are made of calcium fluoride or fused silica and are coated with 
broadband anti reflection coatings. Calcium fluoride (or fused silica) has been chosen as 
the substrate to minimise fluorescence within the windows (see chapter 8). A broadband 
mirror is installed within the cell to reflect the laser beam on a second pass back into 
the fibre to enhance the signal. The gas connectors on top of the cell are designed so 
th a t the cell can be connected to the 6mm Swagelok tubing of the gas mixing system in 
Swansea (described in Alshahrie [Alsll] and appendix A.2).
4.5 C ollection  optics
To maximise the Raman signal captured from the scattering region the scattered light 
is usually collected with a relatively large solid angle, transported and then focussed 
into the spectrometer. Two different collection systems have been used in this work for 
the standard 90° Raman of KATRIN and 0°/180° Raman. The first is a 1:1 imaging 
of the scattering region onto a fibre bundle, which then transports the scattered light 
to the spectrometer system. The second does not image the signal 1:1 but uses a 
combination of cylindrical lenses in the 0°/180° Raman configuration so that the width 
of the scattering region is the 6mm width of the fibre bundle in use. Alternatively, a 
dot-to-slit fibre bundle was used during the final stages of the work. The details of these 
measurements and the new fibre bundle are included in chapter 8.
4.5 .1  Lens th eo ry
A variety of different types of lenses have been used in this work. The main types are 
plano-convex, cylindrical, aspheric, plano-concave and achromatic lenses. The theory 
behind each lens is briefly summarised below.
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Figure 4.6: Top: The capillary gas cell design used in this work in Swansea. The figure 
shows an exploded view of each of the individual parts. Bottom: Photograph of the 
capillary gas cell design used in this work in Swansea. Note: valves will be connected 
as indicated in the figure. The cell parts were manufactured by the Machining Centre.
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Plano-convex lenses A plano-convex lens is the standard lens that is used to focus 
collimated light and to collimate divergent light. It consists of an optical element, which 
has one flat surface (piano) and one surface where the curvature is convex. They have 
a positive focal length, which can be calculated if the radius of curvature and refractive 
index of the optic axe known.
Cylindrical lenses A cylindrical lens is designed to focus or expand light in one axis 
only. It is cylindrical in shape with curvature in one dimension. The collimation of 
the light for the one axis works in exactly the same way as a plano-convex lens i.e. to 
collimate light the light needs to strike the flat side of the optic.
Aspheric lenses Aspheric lenses axe rotationally symmetric optics whose radius of 
curvature varies radially from the centre of the optic. They are used to focus or collimate 
light without introducing spherical aberrations into the wavefront of the light. This is 
particularly im portant if one wants to reach the diffraction limit for collimating or 
focussing monochromatic light. The diffraction limit is the minimum achievable focal 
spot size.
They can be the best solution when only using a single optical element to collimate 
the output of a fibre or laser diode. However, the focal length of these lenses is usually 
quite short (maximum effective focal length of a Thor Labs aspheric lens is 18.40mm). 
If one wishes to refocus the collimated light with a long focal length lens, geometrical 
etendue will limit the focal image size, as an invariant across a lens system (in one 
dimension) is [Ete]
h\9\ =  h2&2 (4-8)
where hi is the focussed image height and 9{ is the one dimensional divergence angle of 
the light. From this equation it is clear that if 9\ > 02 then h\ < h2 and the focal spot 
size will be limited.
Plano-concave lenses A plano-concave lens is a lens with a negative focal length 
th a t is used to diverge collimated light. It consists of an optical element, which has one 
flat surface and one surface where the curvature is concave. To diverge a collimated 
beam the curved surface should face the collimated beam. Combining a plano-concave 
lens with a plano-convex lens will lead to a beam expander, where a collimated beam is 
expanded and re-collimated.
Achromatic lenses Achromatic lenses are different to a standard lens as they are 
made of a positive optical element cemented to a negative optical element. The materials 
for the two elements are chosen to cancel out chromatic aberrations at two well separated
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wavelengths. For the ThorLabs f =  50 mm AC254 — 050 — A used in this work the two 
materials are Schott N-BAF10 and SF10 glasses.
The improvement the reduction in chromatic aberrations has on a lens system can 
be quantified by calculating the wavelength dependent focal length for a plano-convex 
lens and the equivalent achromatic lens. The focal lengths variation with wavelength 
can then be compared. The standard lens equation to determine the focal length of a 
plano-convex lens is
1 / (  1 1 ( n - l ) d \
7  "  “  * ( f l i  “  R2 + nRiR2 J  ^ ^
For a plano-convex lens R \ = oo and R 2  =  — R.
Table 4.3: Wavelength dependent focal length comparison between a 1 inch /  =  50 mm 
plano-convex lens and a 1 inch /  =  50 mm achromatic lens. Calculated for ThorLabs 
LA1131-A and AC254-050-A-ML lenses
Wavelength (nm) PCL A /  (mm) Achromat A /  (mm)
400 -1.42876 0.06016
412 -1.28827 0.00908
424 -1.16087 -0.02694
436 -1.04303 -0.05178
448 -0.93396 -0.06822
460 -0.83379 -0.07827
472 -0.74168 -0.08345
484 -0.65490 -0.08487
496 -0.57445 -0.08339
508 -0.50040 -0.07966
520 -0.42993 -0.07418
532 -0.36405 -0.06734
544 -0.30279 -0.05943
556 -0.24521 -0.05071
568 -0.19039 -0.04134
580 -0.13835 -0.03148
592 -0.09006 -0.02125
604 -0.04362 -0.01073
616 0.00000 0.00000
628 0.04175 0.01089
640 0.08163 0.02188
652 0.11961 0.03296
664 0.15668 0.04408
676 0.19088 0.05522
688 0.22414 0.06638
700 0.25646 0.07754
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For an achromatic doublet the effective focal length of the two lenses / eff is given as
—  =  — +  —  —  (4.10)
/e ff  f l  /2  / l / 2   ^ '
where d is the distance between the principle planes of the lenses, / i  and /2  are the 
focal lengths of the individual lenses that make up the doublet, which can be calculated 
using equation (4.9) and the appropriate parameters for the lens in question. For an 
appropriate comparison of the focal length dependence on wavelength between a plano­
convex lens and an achromatic lens these equations need to be used with appropriate 
values of the radii of curvature. Both lenses are ThorLabs f  = 50 mm; a BK7 plano­
convex lens (LA1131-A) and a Schott N-BAF10 and SF10 achromatic doublet (AC254- 
050-A-ML). The lenses have the following parameters.
•  The BK7 plano-convex lens: R  = 25.8 mm,
•  The N-BAF10 lens in the achromatic doublet: R\ =  33.34mm, R 2 =  -22.28m m  
and d = 9 mm,
•  and for the SF10 lens in the achromatic doublet: R\ = —22.28 mm, R 2 =  —291.07 mm 
and d — 2.5 mm.
The refractive indices of the materials can be calculated from the appropriate Sellmeier 
equation. For comparison purposes the im portant parameter is the change in focal 
length A /  =  /(A) — /(fix) with respect to a fixed wavelength. As the wavelength 
range of interest in this work is 600 to 700 nm the wavelength change is calculated with 
respect to  616 nm. The calculated values are collated in table 4.3. Comparing the focal 
length differences in the table shows that in the 600 to 700 nm range changing from a 
plano-convex lens to an achromatic lens reduces the focal length shift from £2 0.3 mm to 
«  0.08 mm. This is a reduction in shift by approximately a factor of 3.
The influence the chromatic aberration in the plano-convex lenses has 011 the LARA 
measurements has been demonstrated from measurements in Swansea and TLK. The 
measurement show that the maximum intensity of the H2, HD and D2 Raman Q- 
branches occurs at a different collection lens location. This has a knock-on effect in 
th a t the systems wavelength dependent spectral response would then change if the lens 
location is moved. This is not ideal as a stable system is required for the KATRIN 
related measurements over a long period of time.
Chromatic aberrations also influence the observed line width of the spectral lines. 
The optimal alignment m ethod of spectrometers in this work is discussed in chapter 5.
In this situation the spectrometer slit is not used to define the line width, but the fibre 
bundle width is used as a ‘slit’ and the fibre bundle is imaged onto the CCD plane. If 
normal plano-convex lenses are used to do this the image size on the CCD plane will
4.5. COLLECTION OPTICS 57
change with respect to wavelength. The method of determining the change in image 
size with focal length is depicted in figure 4.7.
-  w
L e n s
Figure 4.7: Sketch of image size change with focal length, is the image plane distance 
which is matched to the focal length for one wavelength.
The figure shows the maximum displacement for an extended image as is the case when 
imaging an image of length 2w. The parameter of interest is the maximum displacement, 
<5, as the imaging plane differs from the focal length. This is obtained as
tan#i = h I 2
r + w r +  S
this can be rearranged to give 5, which is
* f i i r  + w)
6 = —  r
(4.ii;
(4.12)
This gives the displacement as fi differs from f2 .
To obtain the total image at /2  the light ray propagation would have to be followed 
for all r values. However, the size of the image can be obtained by finding the maximum 
values of the displacement from the centre position <5inax. In this case, as the image is 
extended, a full mapping would have to be performed for all r and w to obtain a full 
image. At w ^  0 the displacement for each w value is not symmetric so the maximum 
image size occurs at different w locations. The maximum image size at a given focal 
length is given by
f™(r  4-  i n  ^
(4.13)x  f2 ir  t  u)max)O m a v  —  ;  T
/2
when /2  > / i ,  which is the case shown in figure 4.7. The second maximum is symmetric 
to this so the image size at f i  is still 2<5inax but the intensity distribution would be
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smeared.
For / 2 < f \  the maximum image size is given by
/ 2(r -  wmAX)
<Wx = ------- 7------------ r -
J  i
(4.14)
The image size at / 2 is given by 2d'max for the same reasons as explained above.
In this work the fibre bundle is being imaged onto the spectrometer plane. The 
spectrometer is designed such that the image on the entrance slit is imaged onto the 
detector plane, so the focal lengths in question for the chromatic aberration shift are 
those of the spectrometer focussing lens, which has a focal length of 50 mm. The change 
in focal length shift for a 50 mm plano-convex lens and a 50 mm achromatic lens has 
been performed above. These focal length shift values can be used in equation (4.12) 
to determine the change in fibre image size on the detector plane, where / 2 has been 
matched to the focal length of the lenses at 63311111. 633 nm has been selected as this is 
the approximate location of the Raman Q-branch of D2 for 53211111 excitation radiation. 
The fibre bundle width is 100 pm so the half width is wmAX = 50 pm = 0.05 mm (see 
section 4.5.2 below) and the lens radius is r =  12.7111111. The resultant image size 2<5max 
with respect to wavelength for the two lenses is shown in figure 4.8. The figure shows
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Figure 4.8: Figure showing the dependence of the image size of the fibre bundle on the 
detector plane with respect to wavelength of the incident light when using a plano-convex 
lens and an achromatic lens.
that if a simple plano-convex lens is used to image the fibre bundle onto the detector 
plane the image size varies between 100 pm and 179 pm. This corresponds to an increase 
in the image size by a factor of 1.79. For the achromatic lens the image size only varies 
between 100 pm and 124 pm. This constitutes a large improvement as the image size 
only increases by a factor of 1.24 although it is still far from perfect.
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4 .5 .2  O p tica l fibre bundle
A standard method of guiding light over a distance is to  use an optical fibre. Optical 
fibres guide light along their length; as the light undergoes total internal reflection as 
it strikes the walls of fibre core. A fibre consists of a core, cladding and protective 
jacket. The fibre is constructed such the refractive index of the core (n i) is larger than 
the refractive index of the cladding (712). This leads to to tal internal reflection at the 
cladding core surface, when the angle of incidence of the light is greater than  a critical 
angle (6C) and light coupled into the fibre propagates along the fibre core [Tel07]. In
standard fibres, manufacturers quote a quantity known as the fibres numerical aperture
(NA), which is given by
NA =  sin#ext ~  ^  (4.15)
Where
0ext =  sin-1 ((— ) sin(0c)) (4.16)
no
0ext is referred to as the fibre acceptance angle, no is the refractive index of air (~  1), D 
is the diameter and f is the focal length of the lens used to image the light onto the fibre. 
Note, all angles are measured from the axis of the fibre core. Transmission through a 
fibre is never 100% due to low level losses caused by absorption, scattering, reflection 
losses and Fresnel diffraction. The absorption losses occur when the condition for total 
internal reflection within the fibre is not met and the light passes into the fibre cladding, 
and as light is absorbed as it passes along the fibre core. A fibre with a constant core 
refractive index along the entire length is referred to as a step index fibre.
The main factors affecting the total transmission are the size of the fibre and its 
composition. All fibres used in this work are step index multi-mode fibres. Multi-mode 
fibres have core diameters between 50 and 400 fim. A multi-mode fibre is a fibre that 
enables light to propagate through it as multiple light rays. The core diameter limits 
the maximum energy and power tha t can be coupled to a fibre, because above a certain 
power the light will exceed the damage threshold, Pdamage, of the core material. The 
transm ittable peak power of a fibre is P p e a k  <  A COr e P d a m a g e  where A c o r e  is the area of 
the fibre core. This can be used as an estimate, as the true thresholds depend on the 
beam profile and wavelength.
In the case of scattering experiments, coupling the scattered light to the spectrometer 
with a fibre enables flexibility 011 where the spectrometer is placed i.e. it does not have 
to  be directly in front of the scattered light. This is particularly useful if space is limited. 
A standard single core optical fibre has a core size of between 50 and 400 / i m .  In the 90° 
Raman setup the scattering length is approximately 6 mm. If a single fibre was used, a 
large proportion of the scattered light would be lost. To overcome this problem a fibre 
bundle can be used instead.
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A fibre bundle is a cluster of individual fibres, which are mounted and arranged in 
a configuration of the user/manufacturers choice. The fibre bundles used in this work 
have a “slit to slit" mounting configuration and consist of 48 single, adjoining, step index 
multi-mode fibres with a 100/zm/125/mi core/cladding diameter ratio. The fibre bundle 
is visualised in figure 4.9. The total length of the fibre slit is 6 mm. The left hand side
Fibre ferrule
Fibre cladding 
(125(jm diameter)
Fibre core 
(1 00pm diameter)
Collection end Spectrometer end
Figure 4.9: Fibre bundle used in this work. The left hand side contains a photograph 
of the entrance slit of the fibre bundle. On the right hand side 8 of the 48 fibres in the 
slit to slit configuration are shown. Adapted from Lewis [Lew07]
of the figure shows a photograph of the mounted fibre and the right hand side shows a 
sketch of 8 of the 48 fibres in the slit to slit configuration. The manufacturer quotes the 
numerical aperture of the fibre bundle as 0.22 ± 0.02 ([Lew07]). From equations (4.15) 
and (4.16), the fibre (bundle) acceptance angle can be calculated as
flex t = sin-1 (A''A) = sin-1 (0.22) =  12.7° (4.17)
However, test Raman measurements with the depolarisation measurements have shown 
that the fibre bundle starts to limit the amount of light collected at angles below about 
5°. Details of these measurements are shown in chapter 6. This limitation is performed 
using a diaphragm of constant radius. However, the fibre bundle is 6 mm in length and
im age of 
nog volum e
Fibre sequence 
unknown
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100 nm  high. Using a diaphragm reduces the amount of light imaged onto the fibre 
bundle more strongly in the horizontal direction than  the vertical direction. This means 
tha t this is not an accurate way of determining the fibre bundle numerical aperture. A 
better indication of the numerical aperture of the fibre bundle would be obtained by 
limiting the collected light using a slit.
If the light incident on the fibre bundle is polarised, as is the case with Raman 
measurements, the effect the fibre has on this polarisation needs to  be known. It was 
assumed by Lewis [Lew07] tha t the scattered Raman light passing through this fibre 
bundle is essentially depolarised. However, measurements have been performed which 
have shown th a t the fibre bundle partly preserves the polarisation of the light tha t 
has passed through it (see chapter 5). As a consequence, all the light entering the 
fibre bundle for 90° Raman measurements will have the polarisation fixed to vertically 
polarised light by a sheet polariser. This means th a t the preserved polarisation from 
the fibre bundle is always the same (as long as the fibre isn’t moved too much; note tha t 
the polarisation preservation changes slightly with fibre movement).
4 .5 .3  E d ge filter
Edge filters are used in Raman collection systems to remove the really bright Rayleigh 
line (and laser line in forward Raman) from the measured scattered light. This is 
particularly im portant if one wishes to observe the pure rotational Raman lines of the 
hydrogen isotopologues, many of which have small Raman shifts of (typically) less than 
500 cm -1 .
An edge filter is designed such tha t it lets 99% of the light through in the transm itting 
region, and less than  4 x 10-5 % in the suppression region. The 50% transmission point 
of the edge filter used in this work occurs at 536 nm (Semrock LP03-532RU-25). This 
corresponds to  a Raman shift of 140cm-1 (532nm excitation), which would mean any 
pure rotational lines with smaller shifts would be lost. For the hydrogen isotopologues 
this blocks the So(J =  0) line of T 2, which is calculated to occur at 120.052cm-1 . For 
heavier diatomic molecules, such as nitrogen and oxygen, even more pure rotational lines 
will be blocked.
A point to  note is tha t an edge filter is designed for a specific optic tilt, laser wave­
length and power. As the optic is tilted the wavelength position of the sharp edge shifts, 
so care should be taken ensuring the tilt remains constant.
4 .5 .4  D ichro ic b eam  sp litter
A dichroic beam splitter works in a similar way to an edge filter. The difference is 
tha t an edge filter is designed to block light when the optic is perpendicular to the 
light propagation. A dichroic beam splitter is designed such th a t it reflects light (in
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DIA 25.4mm
15mm
30mm
30mm
Figure 4.10: Top: Design of the light tight beam splitter housing. Produced using 
Google SketchUp. Bottom: Photograph of the finalised light tight beam splitter, i) 
Custom made housing, ii)with installed 3 mm thick beam splitter(final version is 1 mm 
thick) and iii) Complete housing in Thorlabs CM1-4E
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the suppression region) when the optic is at an angle of 45° to the light propagation 
direction. The remainder of the light is transm itted in the light propagation direction 
for both configurations.
As the transmission/reflections of the optic are optimal when it is at an angle of 45° 
to the light propagation direction, a custom housing has been designed to ensure that 
the optic is at the correct angle and the collection path  remains light-tight. The design 
is shown in figure 4.10 and a photograph of the housing is shown in the lower part of 
the figure. The optic included in the figure is the thicker Semrock DMLP425R dichroic 
beam splitter. For the final measurements, a thinner optic (Semrock LPD01-532RS- 
25x36) was purchased which fits into the mount design better. The advantage of this 
design is th a t it can be installed into a Thorlabs 30mm cage system, which is in use 
in the collection line in all measurements in this thesis. Cage systems are housing that 
contain rails allowing optics to be installed using special mounts. They make the setup 
easier to align correctly, as all movement directions are fixed by the cage system apart 
from one, which can be adjusted fairly accurately.
4.6 Spectrom eters
A spectrometer is an optical instrument th a t is used to measure the wavelength of light 
by causing linear dispersion of the wavelength so the spread of the lines is proportional 
to the wavelength. It does this by forming laterally separated images of the entrance 
slit. The lateral separation of the images corresponds to  the different wavelengths (A) 
of the light incident on the entrance slit. This lateral separation is usually referred to 
as lateral dispersion. The element causing the dispersion is either a prism or a reflective 
grating; reflective gratings can be plane or concave. All spectrometers used in this work 
are grating spectrometers.
A spectrometer can either be used as a monochromator or a spectrograph. A spec­
trograph and monochromator differ in the way th a t they detect the dispersed light. A 
monochromator uses a photoelectric device (like a photodiode) to detect small spectral 
regions, while a spectrograph has a CCD diode array placed in the focal plane of the 
output mirror of the spectrometer. All spectrometers used in this work axe used as 
spectrographs with two dimensional CCD array detectors. The spectrometer used in 
Swansea, and one of the devices in KIT, is a SP-500i triple grating spectrograph made 
by Acton Research Corporation (now Princeton Instruments). In KIT, the spectrome­
ter, which will be used in KATRIN measurements (and for some work included here), is 
the HTS high throughput lens spectrometer made by Acton Research Corporation (now 
Princeton Instruments). Both of these are grating spectrographs th a t operate in the 
same way, using the grating to select the wavelength region to view on the detector plane. 
However, the HTS only has one grating and the SP-500i has three gratings available,
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with different numbers of grooves per mm (gr/mm). This enables the user to change the 
spectral resolution of the system. High resolution measurements are not needed for Ra­
man measurements in KATRIN. However, high resolution spectra are sometimes needed 
for offline measurements (see chapter 6 for an example of measurements where this is 
the case). Also, the light transportation and focussing method is different for each. The 
SP-500i uses mirrors (Czerny-Turner spectrograph), while the HTS uses lenses (Trans­
mitting optics type spectrograph). To obtain the theory behind gratings the reader is 
directed towards e.g. Demtroder [Dem96] or other optics textbooks.
The im portant parameters when using grating spectrometers are the angular disper­
sion and resolution of the grating. The angular dispersion and resolution of a grating 
spectrometer axe stated hexe. For the full derivation see Demtroder [Dem96]. The 
angular dispersion ^  is
d(3 m s i n a i  sin yd . .
dX d cos yd A cos yd
and the resolution R  of the grating spectrometer is
„  Nd(sin a  ±  sin 3) . .,
R  = — -^-----  — = mA (4.19)
A
A few additional points need to be kept in mind when using gratings. Firstly, the 
reflectivity is dependent on the polarisation of the light incident on the grating. This 
is one of the problems that was encountered and overcome when performing depolar­
isation measurements in section 6 . Secondly, the zeroth reflection off a grating is a 
non-dispersing reflection i.e. it acts like a mirror. Thirdly, the grating intensity re­
sponse is wavelength-dependent. This needs to be measured to be able to calibrate a 
Raman system and is being looked into by other members of the KATRIN LARA group 
[Rupl2].
The two types of grating spectrometer will now be summarised highlighting their 
differences.
4.6 .1  C zerny-T urner sp ectrom eters
A Czerny-Turner spectrometer is a  standard grating spectrometer. A set of images are 
spatially separated at the point of detection. The wavelength centre of this image can 
be changed by rotating the diffraction grating. This changes the angle of incidence, a , 
to the grating normal and using the equation for the path difference of light reflected 
off a grating [Dem96]
d (sina  ±  sin/3) =  mA =  As (4.20)
for the same reflection angle, /3, a different wavelength value is obtained. The wavelength 
range of the spatially separated images is the bandpass. Figure 4.11 shows the general 
layout of a Czerny-Turner spectrometer.
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Figure 4.11: Typical grating spectrometer configuration, showing the incident light (A), 
the entrance slit (B), the spherical mirror (C), the diffraction grating (D), the entrance 
slit (F) and the bandpass (G).
4 .6 .2  T ra n s m itt in g  o p tic s  ty p e  s p e c tro m e te rs
As mentioned above in section 4.6, the difference between a Czerny-Turner spectrometer 
and a transmitting optics type spectrometer is that the mirrors in the Czerny-Turner are 
replaced by lenses. This enables the unit’s dimensions to be smaller and to utilise a 90° 
grating illumination geometry. Whereas, a typical Czery-Turner has a 180° illumination 
geometry and has to be much larger to achieve the same dispersion with the same focal 
length optics. The transmitting optics type spectrometer in use, the HTS, only has one 
grating, whereas the SP500i has three gratings which are useable. The short focal length 
of the lenses in the spectrometer has the advantage that the light collection power is high 
(f-number equals f/1.8) for a fixed aperture size. The disadvantage of the short focal 
length is that it leads to strong astigmatism of the entrance slit image, in the detector 
plane, that needs to be corrected for in post-acquisition procedures. The correction 
procedure is discussed in Lewis et al [Lew08], (or in [SJLd] and [SJLc]). Figure 4.12 
shows the layout of a transmitting optics type spectrometer
4 .6 .3  A lig n m e n t
The standard method of imaging light into a spectrometer is by using a lens (system) to 
focus the light onto the entrance slit. The slit width is reduced to increase the spectral 
resolution. However, this also reduces the intensity. In this work, the light always passes 
through an optical fibre bundle before it is focussed into the spectrometer. The fibre 
core width acts as an additional slit. If the output from the fibre bundle is imaged onto
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Figure 4.12: Figure showing typical transmitting optics type spectrometer. Adapted 
from Lewis [Lew07].
the spectrometer slit then the image on the detector is a convolution of the spectrometer 
slit and the fibre width. When the spectrometer entrance slit width is narrower than 
the fibre core width, the slit width is the dominating function. As the spectrometer slit 
width approaches and exceeds that of fibre core (105/mi), the fibre width becomes the 
limiting width. As there are two functions affecting the image, care has to be taken to 
ensure the slit is centrally illuminated, otherwise distorted line shape profiles occur on 
the detector plane.
For spectrometer imaging one aperture is required. In this work there are two aper­
tures present therefore, the spectrometer slit can be ignored by setting its width such 
that it is a lot larger than the fibre core diameter. The optimum position would be in 
the first minimum of the single slit diffraction pattern of the fibre bundle output . Then 
the fibre (bundle) is imaged directly onto the detector plane by appropriately adjusting 
the position of the external imaging lens until the line width on the detector plane is at 
its narrowest point (to the diffraction limit). This leads to an increase in the observed 
intensity. It should be noted that the 1:1 imaging geometry of the spectrometer itself 
is no longer maintained. The fibre bundle height was matched to the detector height 
of 6 mm, but due to the reduced image size of the fibre bundle in the detector plane 
the detector chip is no longer fully illuminated. The improvements of this alignment 
method are shown in chapter 5.
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Table 4.4: Characteristics of the SP500i and HTS spectrometers used in this work.
F e a tu re S p e c tro m e te r
SP500i HTS
Focal length 500 mm 85 mm
Design Czerny Turner Transm itting optics type
Aperture ratio ( f /# ) 1/6.5 1/ 1.8
Slits Micrometer adjustable Micrometer adjustable
Slit width 10 fim  to 3 mm
Slit adjustment 10 pm  steps
Number of gratings 3 (150, 600) 
and 2400 gr/m m)
1 (600 gr/m m )
Grating blaze wavelength
150 gr/m m 500 nm NA
600 gr/m m 300 nm 500 nm
2400 gr/m m 240 nm NA
Resolution
150 gr/m m «  0.337 nm /pixel NA
600 gr/m m ~  0.08 nm /pixel 1 nm (10 pm  slit)
2400 gr/m m 0.0094(3) nm /pixel NA
Wavelength coverage A A (On Synapse CCD) (over 1” focal plane)
150 gr/m m 345 nm NA
600 gr/m m 81.5 nm 254 nm
2400 gr/m m «  10 nm NA
Operating range
150grpmm 500 - > 1000 nm NA
600 grpmm 300 - >  1000 nm 500-750 nm (fixed)
2400 grpmm 240 - 750 nm NA
4 .6 .4  S p ectrom eters u sed  by th e  K A T R IN  L A R A  group
As stated at the beginning of section 4.6 the spectrometers used in this work are a SP- 
500i triple grating spectrograph made by Acton Research Corporation (now Princeton 
Instruments) and a HTS high throughput lens spectrometer made by Acton Research 
Corporation (now Princeton Instruments). As a result of the discussions on spectrometer 
types above the spectrometers have different parameters which are summarised in table 
4.4. The table shows th a t the HTS spectrometer has a lower resolution than is possible 
with the SP500i spectrometer due to the choice of 3 gratings. The HTS has the main 
advantage of a better f / #  meaning it has a higher light collection power. The other 
advantage is that the grating blaze wavelength of the HTS is higher than for the SP500i, 
which means tha t the grating efficiency is higher at the longer wavelengths of the Raman 
lines of the hydrogen isotopologues. This means th a t with a higher efficiency the amount 
of light throughput is also higher. Overall, this implies that the HTS spectrometer
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Table 4.5: Synapse detector characteristics.
Feature Synapse PIXIS
CCD grade Scientific (Grade 1) Scientific (Grade 1)
ADC precision 16 bit 16 bit
ADC dynamic range 65535 max 65535 max
D ata conversion speed 20 kHz and 1 MHz 100 kHz and 2 MHz
Gain settings High sensitivity High (3)
Best dynamic range Med (2)
High light Low (1)
Operating tem perature -70°C  @ Ta = +20°C -75°C
Readout noise 2.5 - 5 e” rms 3.5 - 5 5 e_ rms
Nonlinearity <  0.4% @ 20 kHz < 1% @ 100 kHz
< 1% @ 1 MHz < 2% @ 2 MHz
Dark current < 0.005 electrons/pixel/sec < 0.01 electrons/pixel/sec
Exposure time 0.001s min to 49.71 days max
Computer interface USB 2.0 USB 2.0
Lab VIEW Vis Yes Yes
Built in shutter Yes No
is more sensitive than  the SP500i. However, the SP500i is needed if high resolution 
measurements are desired as is the case for the depolarisation measurements of the 
hydrogen isotopologues and atmospheric gases described in chapters 6 and 7.
4.7 CCD D etector
Charge-Coupled-Devices (CCDs) have been used as detectors in Raman spectroscopy 
since the mid-1980s. The controlling software for all detectors used by the KATRIN 
LARA group are custom written National Instruments Lab VIEW routines.
4.7 .1  D etec to rs  used  in  th is  w ork
The detectors used in this work are the Horiba Synapse FIO P (front illuminated open 
electrode) detector in Swansea and Princeton Instruments PIXIS 400B back illuminated 
detector in KIT. Both of these detectors have 2-dimensional chip sets that have a height 
of 6 mm, the fibre bundles were designed to match the chip height. The pixel configu­
ration is slightly different for both detectors. The PIXIS has 1340 x 400 pixels, whereas 
the Synapse has 1024 x 256 pixels. Both detectors are air cooled using a 4-stage peltier 
block to bring down the chip tem perature to — 75°C (PIXIS) and — 70°C (Synapse) re­
spectively, to minimise the dark current of the system. The detector characteristics are 
summarised in table 4.5. Both of these detectors are compared with test measurements 
in chapter 5.
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The main difference between the detectors is the readout noise and the spectral sen­
sitivity.
4 .7 .2  C C D  d etecto r  noise
Detector noise needs to be minimised to achieve a high signal-to-noise ratio. The main 
sources of (residual) noise in a CCD detector are dark current noise and readout noise. 
W hen measuring signals, shot-noise is also present.
Dark current noise is a result of spontaneous generation of electrons within the detec­
tor when no light is present. The dark current noise is strongly dependent on tem per­
ature. Therefore, all modern CCD detectors are cooled to minimise this noise current. 
Dark current noise can also be reduced by taking multiple readouts of the same data  
and averaging them. This, however, increases the readout noise.
Readout noise is a result of the conversion of the measured electrons to a digital signal 
th a t is recorded by the detector control software. The readout noise is dependent on 
the number of times the data  is sampled, so minimising this will minimise the readout 
noise. This means tha t a single data  acquisition has the lowest readout noise, but a 
higher dark current noise than multiple data  acquisitions.
Most modern CCDs offer the option of on-chip binning to reduce the readout noise, 
which otherwise would build up when reading out each individual line of the CCD 
detector. This is achieved by internally accumulating the signal content of multiple pixel 
(rows) before the signal is read out. This means tha t readout noise only contributes once 
for every readout operation and its influence is greatly reduced if a small number of bins 
(areas) are selected. The overall readout time of the CCD detector is also shorter.
Front illuminated detectors have the advantage of a lower dark current and readout 
noise compared to back illuminated detectors. They also do not experience the etaloning 
phenomenon in the near infra-red (NIR), which leads to a modulation on the observed 
spectrum in back illuminated CCDs in the NIR region. The reason for this is due to 
the manufacturing process of back illuminated CCD detectors. Back illuminated CCDs 
are etched to 15 - 30 fim  to collect light through the back surface, reducing loss of light 
in absorption and reflection and increasing the quantum  efficiency. This process leads 
to the etaloning phenomenon (for more details see [Pril2]). The etching also leads to 
high concentrations of uncoated dangling bonds in close proximity to the back surface 
[Wes09]. This could result in the higher dark currents observed in back illuminated 
CCDs.
Cosmic ray events are also captured by CCD detectors and appear as single pixel 
signals, where the individual pixel has a much higher intensity than its neighbouring 
pixels. Cosmic ray events are random and the number increases as the acquisition 
time increases. Cosmic rays axe removed from spectra using post acquisition software 
routines. These will be discussed in appendix A.6 .
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The detector’s spectral response (quantum efficiency) has an effect on the sensitivity 
of the detector. It is defined as the conversion rate of photons incident on a CCD pixel 
into electrons. It is dependent on the wavelength of the light incident on the detector. 
The detector spectral response needs to be measured, along with the rest of the Raman 
system, to enable quantification of Raman spectra and to calibrate the system. As 
mentioned in section 4.6, a m ethod to measure the systems spectral response is being 
looked into by other members of the KATRIN LARA group [Rupl2]. As a rough guide, 
the quantum efficiency of the PIXIS detector is > 90% in the 500 nm to 700 nm region 
whereas the quantum  efficiency of the Synapse detector is between 30% and 50% in the 
same spectral region. This would imply the sensitivity of the PIXIS detector will be 
considerable higher. The difference in sensitivity of the detectors is checked with test 
measurements chapter 5.
4.8 O ther com ponents
Some of the other system components used in the LARA systems will be briefly sum­
marised below.
4 .8 .1  P olarisers
In this work, two different types of polariser are used to filter polarisation of light, 
namely Glan-Taylor and sheet polarisers.
Gian-Taylor polariser
A Glan-Taylor polariser consists of two angled calcite prisms tha t are constructed with 
an air gap between the two. It is designed such tha t it reflects the s-polarisation (ordinary 
ray) component a t the air gap through one of the prism side ports. The p-polarisation 
(extraordinary ray) component passes straight through the polariser. This is visualised 
at the top of figure 4.13. Rotating the polariser about the light axis enables the po­
larisation of the transm itted component to change. The quoted extinction ratio of a 
Glan-Taylor polariser is greater than  100,000 : 1. This has been measured for the Thor- 
labs GT10-A polariser used in this work (see chapter 6). The anti-reflection coating of 
the polariser can be selected for the appropriate wavelength of the laser beam.
Glan-Taylor polarisers are designed for use with collimated beams of light i.e. laser 
beams. If a beam is incident on the polarisers such that light exceeds the acceptance 
angle the extinction ratio of the Glan-Taylor polarisers reduces from the quoted value 
of 100, 0 0 0 : 1.
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Figure 4.13: Schematic diagrams of a) a Glan-Taylor polariser and b) a half-wave plate.
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Sheet polariser
The sheet polarisers used in this work are linear polarising glass filters. Sheet polarisers 
are optics th a t are constructed by sandwiching a laminated polymer film between two 
glass windows.
The filter in use is the Edmund optics NT54-926 25.4, mm unmounted linear glass 
polarizing filter. It has a typical filter transmission of 30% with > 95% polarisation 
efficiency. It is placed in the collection path for 90° Raman measurements to remove 
the influence of the polarisation of the detection system (see chapter 5). Similar filters 
with a much higher transmission will be used in the final KATRIN measurements, so 
that the sensitivity of the measurements is as high as possible.
4 .8 .2  H alf-w ave p la tes
A schematic diagram of a half-wave plate is shown in the bottom  of figure 4.13. A 
wave plate is a transparent crystalline-structure optic that is used to manipulate the 
polarisation state of a light beam. This is achieved by generating a phase shift between 
the two orthogonal polarisation components of the light beam.
A wave plate has mutually perpendicular fast and slow axes, which are perpendicular 
to the crystal surface. The perpendicular axes are a consequence of linear birefringence 
within the substrate. The axis with the higher index of refraction is the slow axis because 
light propagates more slowly along this axis. The axis with the lower index of refraction 
is the fast axis.
The type of wave plate used in this work is a multi-order half-wave plate (A/2). Half­
wave plates rotate the polarisation of plane polarised light by twice the angle between 
the plane of polarisation of the incident light and the fast axis of the crystal. The 
transm itted electric field, E 2 , through a wave plate, is given as [Wav 12]
B2 =  8(*Bi)e<*' +  / ( / £ i ) e ^ /  (4.21)
s and /  are unit vectors along the slow and fast axis respectively and (f)s and 4>f are the 
phase shifts of the slow and fast axis. These phase shifts are given by
. .cot n n s( \ ) t  , A _
<ps = n s(u>)— =  27r— -—  (4.22)
c  A
(j)f = = 2-KTlf^ t (4.23)
where t is the thickness of the wave plate and n s and n f  are the refractive indices of the 
slow and fast axis respectively. In Ram an scattering we are only interested in the beam 
intensity. This means that one can discard one phase factor in measuring this intensity
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and assign the entire phase delay to the slow axis. This leads to
E 2 = s(aE1)ei* + f ( f E i )  (4.24)
where 0  is
0 =  W  =  A n ^ t  (4 25)
A A
An(A) is the birefringence of the wave plate. This birefringence is an im portant param ­
eter in wave plate design.
If E i is initially polarised along the x-axis then the slow axis of the wave plate is at
an angle 0 to  the x-axis. If the wave plate is placed between two linear parallel and
perpendicular polarisers the transmission through the wave plate is given by
T,| oc \E2 i\2 = 1 -  sin2(20)sin2( ^ )  (4.26)
Tx <x \E2y\2 =  sin2(20) sin2( | )  (4.27)
6 is a function of the wave plate rotation angle (orientation), 0  is a function of the 
wavelength as given above and the birefringence is a function of the wave plate thickness. 
For a multi order half wave plate the values are 0 =  (2m +  l ) 7r, Tj_ =  sin2 {20) and 
Tj| =  cos2 (20). This transmission is the same as if linearly polarised light was rotated 
through an angle of 20. Therefore, a half wave plate can be used to ro tate the polarisation 
of linearly polarised light.
The wave plates used in this work are multi order, half-wave plates designed for 
532 nm incident laser radiation. The “cleanness” of the polarisation, with different tilt 
angles of the 532 nm wave plate, has been tested and the results are discussed later in 
chapter 6 .
4.8 .3  G alilean  te le sco p e
A Galilean telescope is an optical device used to expand collimated light beams and 
recollimate them. It consists of a plano-concave lens, followed by a plano-convex lens. 
The plano-concave lens has a negative focal length, whereas the plano-convex has a 
positive focal length. The focal lengths of the lenses and the distances between the two 
are adjusted to change the magnification of the telescope. The lenses used in the Galilean 
telescope in this work axe a /  =  —25 mm plano-concave lens ( Thorlabs LC1054-A) and 
a /  =  75 mm plano-convex lens ( Thorlabs LA1608-A). The lenses are mounted onto a 
30mm cage system and the relative positions of the lenses were adjusted to expand a 
4 mm diameter laser beam to the required diameter.
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4 .8 .4  P h o to  d etecto rs
Photodiodes are a tool used to e.g. measure the power of laser beams; they measure 
the power as a photovoltage. To convert the measured photovoltage to a photocurrent, 
J p d , the voltage is read across a resistor and the photocurrent can be calculated using 
Ohms law. The spectral dependence of the absorption coefficient of the diode is needed to 
convert the measured current to the optical power of the radiation incident on the diode. 
This is embedded in the diodes wavelength dependent responsivity, c(A). Photodiodes 
th a t have had the measured current calibrated to optical power by the National Institute 
of Standards and Technology (NIST) can be purchased. Their wavelength dependent 
responsivity curve, c(A), is provided, where the power P of the incident light can be 
calculated as
p = Jy <4-28>
This responsivity, c(A), is also tem perature dependent. For this reason, photodiode 
detector heads need to be tem perature stabilised to ensure tha t the measurement of the 
power remains stable throughout the measurement period.
A Newton plate needs to be inserted in front of the photodiode when the power of 
coherent light is measured i.e. laser light. The reason for this is to avoid interference in 
the photodiode window. A Newton plate scrambles the coherence of a light beam.
4.8 .5  A /D  converter
For flexible computer controlled da ta  acquisition of voltages, current, resistance and 
tem perature a National Instruments NI USB-6009 is used. It contains 8 single reference 
single ended signal inputs or 4 differential signal coupling inputs. The range of the 
inputs is ±10 V with a maximum sampling rate of 48000 samples per second and a 14 
bit dynamic range. The unit integrates seamlessly with Lab VIEW to read in the signals 
as required. The unit has been thoroughly tested as is shown in Alshahrie [Alsll].
4 .8 .6  W ebcam  - b eam  p o sitio n  m onitoring
For beam position monitoring the simplest and cheapest device to use proved to be a 
(dismantled) Logitech webcam. The webcam was pulled apart and the lens removed to 
give access to the photosensitive chip. When illuminating the webcam, an appropriate 
amount of neutral density filters are placed in the beam path to stop the detector 
from saturating, so that the beam position can be obtained to a reasonable level of 
accuracy. The advantage of using a webcam is that drivers for computer control are 
already supplied by the manufacturer. A simple Lab VIEW  routine has been written 
(see appendix A.6 .2) to enable the 2D chip readout to be read and recorded. The beam 
position is found by:
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• Finding the maximum intensity for each row (for the x- and y-directions sepa­
rately) and output the row number, max index and max value.
•  Fit the maximum intensity vs row number with a Gaussian fit. The centre position 
of this fit is the pixel co-ordinate in tha t direction.
The saved pixel coordinate enables the beam walk to  be monitored. The angle th a t 
the beam has deflected by can also be calculated using trigonometry, as long as the pixel 
dimensions and length of the side arm, the webcam is installed on, is known. In this 
case the pixel dimensions are approximately 10 fim.

Chapter 5
Improvem ents to Swansea’s laser 
Raman (LARA) system
5.1 Chapter overview
In this chapter the accumulative changes to the laser Raman (LARA) system in Swansea 
are described, leading to improvements in the signal-to-noise ratio (SNR) of the system. 
Some of the alterations only apply to the Swansea system. However, others can also be 
implemented for all LARA systems as they will lead to improvements there as well. The 
improvements are as follows
1. Laser system: Installation of Laser Quantum  Excel laser system increases the 
laser power from 500 mW to 2W , with a power stability of better than  0.4%, 
wavelength stability of AA =  0.005nm «  0.177 cm -1 and a beam pointing stability 
of Aq < 10 /mi when the water cooled baseplate is held a t 24°C. All stability 
measurements are over a 24 hour period. Equivalent systems have been installed 
in Swansea and LARA2 in Tritium Laboratory Karlsruhe (TLK) at Karlsruhe 
Institute of Technology (KIT).
2. CCD detector: Installation of Horiba Synapse detector in Swansea. The PIXIS 
400B detector used in TLK is «  1.7 times more sensitive than the Synapse detector. 
On-chip binning leads to an increase in the SNR by about a factor of 5. The 
Synapse detector will be used in Swansea, and on-chip binning will be used in all 
LARA systems.
3. Multi-pass experiments: Adding a second pass of the laser beam approximately 
doubles the Raman signal. The Raman signal is too sensitive to beam-walk off 
to implement more passes of the laser beam accurately. Two passes of the laser 
beam through the LARA cell will be used in all LARA systems.
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4. Improved spectrometer imaging: By using the fixed width of the fibre bundle as a 
slit and imaging the light directly onto the detector plane maximises the amount 
of light collected. This leads to an improvement of between a factor of 4 and 12 to 
the SNR whilst maintaining a narrow spectral peak width. This imaging method 
will be implemented in all LARA systems.
5. Sheet polariser introduction: The fibre bundle does not scramble the polarisation 
of the incident light. To overcome this problem a sheet polariser is inserted into 
the LARA collection system between the two collection lenses, which fixes the po­
larisation beyond this point. Any change to the polarisation of the light incident 
on the polariser is observed as an intensity change only. For the depolarisation 
measurements, described in chapter 6, a low-cost polariser is used with a trans­
mission of 30%. A sheet polariser with a much higher transmission is required to 
implement this in all LARA set ups.
In all future measurements in Swansea the items listed will be implemented. There will 
be occasions where only one pass of the laser beam will be used. When this occurs it 
will be stated. Overall, the improvements implemented here have vastly increased the 
sensitivity of the 90° LARA system in Swansea.
At the start of this work, the Swansea system consisted of a 500 mW Dream laser 
[dla] as the excitation source and a Princeton instruments IPDA-700/GB detector. For 
information on the systems at TLK see Schlosser [Sch09] and Schlosser et al [Schll]. As 
the Swansea system is developed in parallel with the KIT systems, some of the improve­
ments will be compared with the systems in KIT and if there is a further improvement 
the change will be implemented on all systems.
5.2 Laser Q uantum  E x c e l  laser system
A 2 W Laser Quantum  Excel laser system [LQu09] has been installed in Swansea’s LARA 
system to bring the power and stability of the excitation closer to the 5 W of the LARA 
setups at KIT. Test measurements have been completed using the 2W Laser Quantum  
Excel laser system to quantify the optimum operating parameters of the laser when used 
in the LARA setup in Swansea and are described in detail in Alshahrie [Alsll]. The 
findings will be briefly summarised here with reference to the im portant parameters, 
these being the resultant pointing stability, wavelength drift a t the optimal tem perature 
set point and power stabilisation.
5.2 .1  M easurem ent su m m ary
Test measurements of various cooling configurations were performed where the following 
parameters were measured:
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1. room tem perature,
2 . cooling water tem perature (when applicable),
3. laser baseplate tem perature,
4. laser power,
5. laser wavelength,
6 . beam position.
Three cooling configurations were tested:
•  No cooling: Laser mounted to the cooling plate, but no cooling in operation.
• Laser mounted to a modified head sink with copper tubing placed between fins. 
W ater is pumped through the fins and cooled using a LC-035 chilling unit by TE  
Technology Inc. [Tec09] and a X SP C  DDC 18W Ultra pump/reservoir.
• Laser mounted to the water cooling plate supplied by Laser Quantum. The water 
was pumped through the plate and cooled using a Julabo F34 refrigerated/heating 
circulator [Jul09].
The findings of the measurements were tha t cooling the laser head of the 2W Laser 
Quantum  Excel laser system greatly improves the stability of the output parameters of 
the device. When the Julabo F34 refrigerated/heating circulator was used to cool the 
water, beam walk-off is no longer visible. A laser output power of 2 .1W was attainable, 
which is stable for a chosen tem perature set point of 24°C. The wavelength has a drift 
of AA =  0.005 nm «  0.177 cm -1 for the three tem perature set points tested, but shifts 
by 0.03nm between the 24°C and 26°C tem perature set points. This is about an order 
of magnitude larger than the shift if the laser head is kept a t a constant tem perature.
5 .2 .2  Im portant p aram eters
From the measurements described above, the parameters tha t axe im portant for spec­
troscopy measurements are:
•  the beam pointing stability,
• output wavelength,
•  stability at the chosen tem perature set point,
•  and the power stabilisation.
These will be considered now.
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Beam  pointing stability In the tem perature stabilised test, there was no observed 
beam walk-off over time. This means th a t the pointing stability is better than the 
accuracy of the beam position measurement using the webcam. The pixel size of the 
webcam is of the order of 10 fim. The beam walk was measured on a sidearm 150 mm off 
the initial beam path, which was set to be the same distance from the focal lens as the 
scattering centre (200 m m). This means tha t the observed walk-off matches the walk-off 
a t the scattering centre. Therefore, the beam position stability at the scattering centre 
A q is less than 10 fim  i.e. A q < 10 /xm.
W avelength stability In the test measurements, the wavelength of the emitted light 
from the laser drifts for the first 24 hours of measurement whilst the laser warms up. 
After this warm up period the wavelength stability is AA =  0.005 nm «  0.177cm-1 «  
5 GHz. The absolute wavelength shifts by 0.03 nm between the 24°C and 26°C temper­
ature set points. If the absolute wavelength is required to a high accuracy it should be 
remeasured each time the laser is switched on. This is the case for the accurate Raman 
line position measurements in chapter 6 . However, the wavelength for a tem perature set 
point of 24°C is 532.070(5) nm, where the uncertainty is determined from the wavelength 
stability. This drift is well within the specified line width of the Excel laser of 30 GHz.
Power stability In the test measurements, the power of the emitted light from the 
laser increases quickly to a maximum value of approximately 2 W. A laser output power 
of 2.1 W, was attainable which is stable for a chosen tem perature set point of 24°C. The 
power stability was found to be 0.00851 W =  8.5 mW «  0.4% over a 22 hour period. This 
means that, over a measurement day, the power is sufficiently stable that corrections 
for the laser power fluctuation should not be needed. This fluctuation is slightly larger 
than the quoted stability of the laser. The reason for this could be the accuracy of the 
power determination or the slight tem perature variation of the room, which results in 
small-scale fluctuations of the cooling water temperature.
5.3 C haracterisation o f th e  H oriba S y n a p s e  detector: 
FIO P vs back illum ination detectors
The Synapse 1024 x 256 FIOP CCD detector (S#: MCD-798B-0310) [Syn09] has been 
thoroughly tested, in order to assess its functionality and performance in comparison to 
the Princeton Instruments PIXIS400B (back-illuminated) CCD detector [Pix09]. Back 
illuminated CCD detectors are used in the LARA systems at KIT. They generally have 
a higher quantum  efficiency. However, front illuminated detectors have the advantage 
of a lower dark current noise and the etaloning phenomenon does not occur at long 
wavelengths. Etaloning introduces ripple to the measured spectrum. Therefore, the test
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Figure 5.1: Diagram of the setup used for the Synapse test measurements.
is performed to verify which detector leads to higher signal-to-noise ratios (SNRs). In 
both cases the detector was coupled to a Princeton Instruments (formerly Acton) SP500i 
spectrograph (see figure 5.1) with three installed gratings: 150 gr/mm, 600 gr/mm and 
2400 gr/mm. The following tests were carried out on the Synapse detector:
• setup and operation using “LabSpec 5” and Vis from the LabVIEW test modules 
for the Symphony detector;
• dark current measurement to quantify the noise;
• spectral measurements to quant ify the quantum efficiency of the detector and to 
evaluate the SNR in Raman measurements in air.
The results are compared to those obtained by Schlosser [SchlOa] for the PIXIS400B 
CCD detector.
5.3.1 In s ta l la t io n  a n d  so ftw a re  m o d ifica tio n s
The Synapse camera was delivered with the software “LabSpec 5” rather than the soft­
ware package “SynerJY" (as specified in the Horiba leaflets for this detector). This 
caused tremendous problems, which could only be overcome by reverting to a suite of 
LabVIEW Vis, supplied by Horiba on request. The various issues with the LabSpec 
software are summarised in appendix A.3.1.
L a b V IE W  V is  a n d  S y n ap se  co n fig u ra tio n  The detector can be run using Na­
tional Instruments LabVIEW. The LabVIEW Vis for the Symphony CCD detector 
(version 0.9.4.0) have been modified so that (i) they work with the Synapse detector
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Table 5.1: Synapse detector response a t different gain levels and read-out noise values 
for the two read-out speeds (from Test report MCD-798B-0310 24 Jan 2010).
Specification Measured Units
Gain level
High sensitivity 1.4 1.215 e~ /  ADC count
Best dynamic 2.8 2.397 e-  /  ADC count
High light 18.7 16.698 e~ /  ADC count
Read-out noise
20 kHz speed 5 3.21 e-  rms
1 MHz speed 25 11.97 e~ rms
and (ii) all the settings can be modified from within the LabVIEW VI. The software 
has been gradually optimised throughout this work and is discussed in appendix A.6.
As a consequence, some of the problems have been overcome. Note tha t all the results 
discussed in the sections below were acquired with the detector running under LabVIEW 
control.
Note, after the initial tests with the detector, all further measurements with the 
detector were performed using the modified LabVIEW Vis.
5.3 .2  D ark current m easu rem en ts
As described in chapter 4, any CCD detector has a noise level which needs to be deter­
mined before it can be used. This noise arises from three main sources:
•  dark current noise,
•  readout noise,
•  cosmic ray event noise.
The cosmic ray events are not a property of the detector and, normally, they are re­
moved post-acquisition. The post-acquisition data treatm ent is discussed separately 
(see appendix A.6). The remaining, measured noise is a combination of dark current 
noise and readout noise. Dark current noise and readout noise are both dependent on 
accumulation time and, therefore, the noise measured by the CCD detector will also be 
time dependent.
M e a su re m e n t p ro c e d u re  The two main readout modes of the Synapse 1024 x 256 
FIOP CCD detector are 20 kHz and 1 MHz. The detector has three different gain 
settings; “High sensitivity” , “Best dynamic range” and “High light mode” . These cor­
respond to different settings of the system transfer function, as given by the Synapse
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Acquisition time (s) High light Best dynamic range High Sensitivity
0.1 0.794 1.646 -
0.5 0.796 1.644 -
1 0.801 1.623 3.050
5 0.818 1.635 3.175
10 0.802 1.632 -
100 0.804 1.682 -
500 0.826 1.761 3.126
1000 0.848 1.981 3.322
manual and summarised in table 5.1. In addition, the readout noise values are also 
included in the table.
A number of dark acquisitions were recorded using the 20 kHz readout mode only, 
but for all three gain settings. The acquisition times were chosen to match those used 
by Schlosser when testing the PIXIS detector at KIT [SchlOa], and were 0.1 s, 0.5 s, 1 s, 
5 s, 10 s, 100 s, 500 s and 1000 s.
R e su lts  a n d  d iscu ssio n  The dark spectra were analysed using a LabVIEW  tool, 
which calculates the standard deviation of the measured signal. The standard deviation 
is a measurement of the detector noise. The LabVIEW tool also counts how many pixels 
are removed associated with cosmic ray events (recognised as pixels with a much higher 
intensity than the adjacent pixels), as this affects the statistics of the data. The results 
are shown in table 5.2. There are a few missing entries in the table as some of the data  
runs produced very “stripey” images. The cause of this was most likely linked to light 
entering the enclosure during these dark acquisitions. The enclosure wasn’t completely 
light-tight due to incomplete retro-fitting of the panels after the detector exchange; when 
people were entering the laboratory during measurements light leaked into the room.
When comparing this da ta  with those measured with the KIT setup, one observes 
that the noise values of the Synapse detector are slightly lower than  those recorded 
for the PIXIS (from [SchlOa]) by a factor of 1.43 (1000s acquisition PIXIS “gain 3” , 
Synapse “high sensitivity” setting). This isn’t too surprising since front-illuminated 
(open-electrode) chips exhibit slightly lower dark currents than  back-illuminated chips 
(as in the PIXIS 400B). A graph of the noise trend for the Synapse detector is given in 
figure 5.2. The ratios of the measured noise signals for the three Synapse gain settings 
(high light, best dynamic range and high sensitivity) at 20 kHz readout are approxi­
mately 0.8 : 1.6 : 3.2 which corresponds to a ratio of 1 : 2 : 4.
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Figure 5.2: The Synapse noise variation with respect to exposure time for 20 kHz readout 
mode. Note there are no error bars in this graph as the noise is the measured standard 
deviation of the dark spectrum.
5 .3 .3  S p e c tra l m e a su re m e n ts  an d  d e te rm in a tio n  o f SN R
Once the detector noise had been measured, the quantum efficiency and the detector’s 
capabilities of acquiring low level signals were tested.
To be able to compare the SNR to the ones measured in Schlosser [SchlOa], using 
the PIXIS400B detector, the setup needs to be as similar as possible - see figure 5.1 for 
the Synapse test setup configuration. Ambient air was therefore used as the scattering 
medium (removing the cell from the Raman setup) as this can be compared at both 
locations. The spectral region selected for the test described in this section is shown in 
figure 5.3.
M e a su re m e n t p ro c e d u re  The setup and measurement parameters are collated in 
table 5.3. Note that the measurement parameters are not completely identical to those 
in Schlosser [SchlOa] (as can be seen in table 5.3) for the following reasons:
• A lens with focal length f=250nnn was not available (at the time) in Swansea so 
the closest available focal length was used.
• The laser power was found to fluctuate (measured as approximately 1W with laser 
diode current set to its maximum value). This is most likely due to heating in 
either the laser or the laser power supply, since active cooling (as described in
5.3. CHARAC SYNAPSE DETECTOR 85
Data: 8 Jan  2009 
(m easured with HTS)= 5 9 5 n m•centre
1 2 0 0 -
~  1000 -
-9  8 0 0 - S p ec tr a l w in d ow
6 0 0 -
O) S/O.
4 0 0 -
2 0 0 -
H20  / Q
5 4 0 5 6 0 5 8 0 6 0 0 6 2 0 6 4 0 6 6 0
w a v e le n g th  ( n m )
Figure 5.3: Reference spectrum for air (within LARA cell), measured in LARA 1 at 
KIT, with 1W laser power (1000s exposure, slit width 127fim).
Table 5.3: Parameters used in the spectral measurements
Parameter Synapse measurement value PIXIS measurement value
Laser power «  1 W 1.488 W
Focussing lens /  = 200 nun /  =  250 mm
Spectrometer slit width 100 fim t—‘ o o 2
Grating 600gr /  mm 600gr /  mm
Centre wavelength 595 nm 595 nm
Spectral window «  40 nm «  40 nm
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section 5.2) was not yet installed into Swansea’s LARA system at the time of the 
test measurements.
The differences will be taken into account when the results for the PIXIS and Synapse 
detectors are compared further below.
Raman spectra of air were taken using the high sensitivity gain setting of the Synapse 
detector, with an acquisition time of 100 s and the 20 kHz readout mode.
R esults and discussion From the recorded Raman spectra of air, the SNR was 
calculated for the nitrogen Qi-branch at 607.245 nm (most intense Raman peak of air 
from [Jam09], chapter 7 and figure 5.3). The signal is taken as the height of the N2 
Raman peak (above the noise) and the noise as the standard deviation of a “flat” region 
of the measured spectra. These two values are then used to calculate the SNR.
The resultant SNR was found to be 71.7(34). The laser power was measured as 
approximately 1 W at the time of this measurement.
Comparison w ith PIXIS data The SNR of the N2 Q i-branch measured using the 
Synapse detector can now be compared with the equivalent 100 s measurement recorded 
using the PIXIS detector [SchlOa]. The SNR of N2 Qi-branch measured using the PIXIS 
detector, acquired using gain 3 with an acquisition time of 100 s, is 179.9.
On first observation, the SNR obtained using the PIXIS detector is approximately 2.5 
times better than  that obtained with the Synapse detector. However, the laser power 
in each of the two setups is different (approx. 1 W at Swansea and 1.48 W at KIT). 
This would cause an increase of a factor of approximately 1.5 to the measured Synapse 
SNR, assuming tha t the signal scales linearly with laser power. If the high sensitivity 
100 s SNR measured using the Synapse detector is multiplied by 1.48 (to correct for the 
power difference) the PIXIS SNR is about 1.69 times larger than that of the Synapse. 
The reduction from the expected value of approximately 2 from the values specified in 
the data  sheets is caused by the slightly lower noise levels recorded by the Synapse CCD 
than  the PIXIS.
This da ta  shows tha t the higher quantum efficiency of the PIXIS detector overcomes 
the gain of the reduced noise of the Synapse, so it is still about 1.7 times more sensitive.
5 .3 .4  D etec to r  prob lem s - “dead  p ix e l” p h en om en on
During the characterisation and alignment process of the Synapse detector a “dead 
pixel” was observed. The measurements and identification of this are described in the 
appendix A.3.3.
After consulting with the manufacturer, they informed us th a t the CCD-chip used in 
the Synapse detector is a grade-1 CCD and a grade-1 CCD detector can have 1 dead
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Param eter Value
Laser power 
Focussing lens 
Spectrometer slit width 
Grating 
Centre wavelength 
Spectral window
fluctuated 
f =  200 mm 
100 fim  
600gr /  mm 
595nm 
«  40 nm
pixel when it is manufactured. Therefore, the detector was not repaired. This means 
tha t, for all measurements with the Synapse detector, the “dead pixel” data  values are 
replaced with the value from an adjacent pixel.
5.3 .5  O n-chip b inn ing
On-chip binning is a process most modern spectroscopic CCD’s offer, where the signal 
content is accumulated internally over several pixel (rows) before readout. It has the 
advantage tha t readout noise only contributes once per readout operation. Therefore, 
the noise is reduced with respect to the signal strength, along with dark noise fluctuations 
averaging out prior to readout. Multiple on-chip binning test measurements have been 
performed in this work using the Synapse detector. However, these early tests were 
performed before tem perature stabilisation of the laser head was performed and laser 
power drifts were observed in several of the measurement runs. Therefore, most of the 
measurement sets have been discarded. The experimental procedure and final results 
are discussed here.
E x p e r im e n ta l  s e tu p  The setup used was the same as tha t for the Synapse test mea­
surements (see table 5.4). The measurement param eters will be taken into account when 
the data  is analysed. The on-chip binning was performed using a modified Lab VIEW  
routine (embedded in the modified detector software see appendix A.6) where the 2D- 
chip could be split up into areas for the on-chip binning to occur. The number of areas 
could be varied between 1 and 256 (for the Synapse detector). The on-chip binning 
produces spectra for the number of areas chosen. The spectra were then averaged over 
the areas to produce one graph for each area setting.
R e su lts  a n d  o b se rv a tio n s  Raman spectra of air were recorded for acquisitions of 
50s, 100s and 150s. The laser power was set to full and monitored on a side arm  of the 
setup. Spectra were recorded for the following areas: 1, 3, 4, 5, 8, 10, 16, 24, 32, 64, 
128 and 256. Note tha t for this detector 1 =  a full chip average and 256 =  a no row
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Table 5.5: Recorded signal, noise and SNR of the N 2 Raman Q1 branch. Uncertainty 
(in brackets) in the last digit.
Areas S
50s
N SNR S
100s
N SNR
1 1249.0(353) 9.36(80) 133(12) 2480.0(498) 11.17(92) 222(19)
3 432.7(120) 3.17(34) 136(15) 804.3(164) 3.40(32) 237(22)
4 324.0(90) 2.60(22) 125(11) 607.0(123) 2.81(27) 216(21)
5 258.2(72) 2.25(20) 115(11) 479.0(98) 2.33(23) 206(21)
8 162.9(45) 1.49(13) 109(10) 288.1(60) 1.83(18) 157(15)
10 131.8(36) 1.26(11) 105(10) 232.2(48) 1.49(16) 156(17)
16 84.4(23) 1.00(10) 85(8) 146.1(30) 0.94(8) 155(13)
24 53.7(15) 0.58(6) 93(9) 90.3(19) 1.24(13) 73(8)
32 41.6(11) 0.58(5) 71(6) 72.4(15) 0.58(7) 125(15)
64 19.1(5) 0.41(3) 46(4) 36.3(8) 0.41(4) 88(10)
128 9.7(3) 0.23(2) 42(4) 17.1(4) 0.26(2) 67(6)
256 4.6(1) 0.19(2) 25(3) 8.5(2) 0 .20(2) 43(4)
Areas S
150s
N SNR
1 3323.0(576) 14.70(160) 226(25)
3 1108.0(192) 4.76(60) 233(30)
4 819.8(143) 4.01(32) 205(17)
5 638.8(113) 3.25(24) 197(15)
8 399.5(71) 1.84(19) 217(23)
10 313.2(56) 1.65(15) 190(18)
16 196.9(35) 1.10(10) 179(16)
24 125.0(23) 0.81(8) 155(16)
32 95.3(17) 0.70(7) 136(14)
64 47.7(9) 0.43(4) 112(9)
128 23.9(4) 0.30(3) 81(9)
256 11.1(2) 0.21(3) 52(6)
average. The signal was taken as the height above the background level of the Raman 
Qi-branch of N2 in air and the noise was the standard deviation of a “flat” region in 
the spectrum. The measured signal, noise and SNR of the nitrogen Qi-branch in air are 
shown in table 5.5.
The observations that can be made axe:
•  The SNR for 3 area on-chip binning is of the same order as that of 1 area (full 
chip) on-chip binning. The reason for this is that the signal and noise both reduce 
by approximately a factor of 3 by averaging over the three spectral regions.
•  The SNR of 3 area on-chip binning is approximately a factor of 5 higher than  
tha t of 256 area on-chip binning (same as image readout for the 1024 x 256 pixel
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Synapse detector).
• Multiple area on-chip binning is needed so that astigmatism corrections can be 
implemented. This cannot be done if binning is performed over the whole chip.
These measurements show that on-chip binning leads to an enhancement in the SNR 
of measured spectra. The number of areas should be set appropriately to enable astig­
matism correction to be performed. A minimum of 3 areas is required to correct for 
astigmatism. For measurements with a higher astigmatism the number of areas needs 
to be increased to 5. The data in table 5.5 above shows that using 3 or 5 area on-chip 
binning have a SNR of the same order of full on-chip binning (1 area) so sensitivity will 
not be lost. In this work, for 256 row chips, like in the Synapse detector, 3 area on-chip 
binning will be used and for 400 or 512 row chips, like the PIXIS detectors in TLK, 5 
area on-chip binning will be used. This results in the number of rows per binning region 
being 80 - 100.
Similar tests have been done with the PIXIS 2KB CCD detector (Princeton Instru­
ments) to see if it behaves in the same way. The results from this test are shown in 
figure 5.4. The figure also contains additional information on the astigmatism. The
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Figure 5.4: SNR of a H2 Raman line, as a function of binning segments - from complete 
on-chip binning (1 segment) to no on-chip binning (512 segments) using the Princeton 
instruments PIXIS:2KB detector taken at KIT.
centre-panel contains a 100 x 500 pixel area of a PIXIS:2KB CCD detector, the left-panel 
contains the identical spectral region after 011-chip binning; the five (vertically-stretched) 
segments constitute averages over 102 pixel rows. The spectrometer astigmatism in the 
spectral line is visible in both cases.
The data in the right panel of the figure shows that the SNR of the 3 area and 5 
area on-chip binning measurements are very similar, as was the case with the Synapse 
data. This means that the sensitivity will not be much worse when 5 areas are needed to 
overcome stronger astigmatism from lens type spectrographs (HTS), as can be seen in 
the figure. Therefore, to maximise the SNR, 3 or 5 area on-chip binning was implemented 
for all further LARA measurements in Swansea and KIT.
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5.3 .6  C onclusions
The Synapse detector has been thoroughly tested and compared with the PIXIS400B. 
The PIXIS400B (back-illuminated) detector is approximately 1.7 times more sensitive 
than the Synapse detector. Therefore, back-illuminated CCDs will still be used in any 
future setups th a t are built in KIT. The Synapse detector was found to have a “dead 
pixel” , which appears as one pixel with much lower intensity than the surrounding 
pixels. After consulting with the manufacturer they revealed that 1 dead pixel (column) 
is within the design specifications of the grade-1 CCD within the Synapse detector.
Full on-chip binning leads to a higher SNR than full chip readout. However, increas­
ing the number of binning areas to 3 or 5 is required to correct for astigmatism from 
spectrometers. The SNR is not reduced by much from full on-chip binning; so the im­
provement is not lost. Three or five area on-chip binning was used from here onwards 
for all LARA measurements at Swansea and KIT to maximise the systems sensitivity. 
The increase in the number of binning areas is associated with the higher astigmatism 
of spectrographs used in KIT.
5.4 M ulti-pass experim ents
In the following section the different signal optimisation experiments that have been 
carried out to improve the sensitivity of the LARA setup will be discussed.
Theoretically, if a second laser beam, parallel to the incident beam, was to pass 
through the Raman sample and both beams had the same intensity, then the collected 
Raman signal should double. The LARA setup in Swansea was modified so tha t multiple 
passes of the laser excitation beam through the cell could take place. In the simplest 
setup, a (rectangular) flat mirror was placed behind the cell; a second focal lens is 
required to refocus the reflected light back into the cell. A third pass can be implemented 
by placing a second (rectangular) mirror so tha t the beam passes back through the cell. 
Sketches of the two configurations are shown in figures 5.5 (a) and 5.5 (b).
For proof of principle measurements, ethanol was used as the scattering medium. This 
was chosen because the Raman lines have a high intensity for short acquisition times. 
An example of the Raman spectrum of ethanol is shown in figure 5.6. This can be used 
as a reference spectrum, so the positions of the peaks are approximately known.
Ethanol spectra were taken for single-pass, double-pass and triple-pass excitation, for 
(single) exposure times of Is, 5s and 10s, respectively. Please note tha t these measure­
ments were performed before the Synapse detector was installed and the Excel laser was 
optimised. The intensity of the strongest ethanol peak:, at approximately 633 nm, was 
evaluated for the signal-gain comparison. The recorded intensity values for the three 
excitation configurations and the different exposure times are collected in table 5.6.
As can be seen, adding a second or third pass approximately doubles and triples
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Figure 5.5: Experimental setups for various multi-pass arrangements; (a) double-pass 
configuration; and (b) triple-pass configuration; Ml, M2, M3 = standard high-reflectors 
( Thorlabs E01 coating); M4, M5 = rectangular mirrors with HR 532nm coating; BD = 
beam dump. In all configurations the rectangular mirrors M4 /  M5 were adjusted so 
that the two /  three beams were aligned horizontally (in plane) with the fibre, for the 
90 degree collection geometry.
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Figure 5.6: An example Raman spectrum of ethanol. The numbers denote the 5 peaks 
observed
the intensity of the Raman line compared to that of a single pass. Also, the signal 
improvement for the double pass arrangement is comparable to that of doubling the 
acquisition time for single pass excitation. This means that, if a second pass is used, 
the same signal intensity can be achieved within half the acquisition time.
Thus, the proof of principle of modifying the LARA setup to include multiple passes 
has been successful in that 2x and 3x the Raman signal intensity can be achieved for 
double and triple passes through the cell.
5 .4 .1  E ffe c ts  o f  b e a m  w a lk -o ff  on  m u lt ip le  p a ss  s e tu p s
Even though beam walk-off from the laser has been minimised, by stabilising the tem­
perature of the laser head, to Aq  < 10/mi in section 5.2, beam walk-off can still occur 
from temperature fluctuations, resulting in changes to the guiding optics and optical
Table 5.6: Intensities of the main ethanol peak (number “5” at 633nm) for the three 
different pass setups, for three different exposure times. Uncertainties (in brackets) are 
in the final digit.
Exposure time Intensity of main ethanol peak
1 pass 2 passes 3 passes
1 x Is 1330(36) 2707(52) 4447(67)
1 x 5s 5731(76) 11729(108) 18930(138)
1 x 10s 10274(101) 21134(145) 34496(186)
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Figure 5.7: Schematic diagram of the setup used to determine the amount of beam 
displacement of the primary beam.
bench. Therefore, the expected effect of beam walk for the multiple-pass setups needed 
to be tested, in order to gauge whether the multiple passes would be more severely 
affected by beam walk-off.
Beam walk is a problem since the excitation volume is imaged onto the fibre bundle 
with 100/xm core diameter. Any displacement would severely affect the amount of 
collected light. The beam displacement in the collection (lateral) plane was not tested, 
as this would only cause the scattering region to walk minimally out of focus. Therefore, 
the beam was only displaced vertically, and the intensity variation of the main ethanol 
Raman peak was measured with respect to the displacement of the beam.
The beam displacement was controlled by rotating the vertical control knob on mirror 
M3 in small increments, marked by the raised dashes. To quantify the actual displace­
ment of each step, a modified webcam was placed at the location of the cell (as shown in 
figure 5.7). The same rotation procedure of mirror M3 was applied and the beam posi­
tion (in pixels) for each rotation was recorded (a LabVIEW program had been written, 
which determines the centre of a laser beam that is incident on the chip of the webcam 
as described in appendix A.6).
The variation of the main peak intensity, with respect to the incident beam displace­
ment, for the three setups is shown in figure 5.8.
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Figure 5.8: Normalised intensity of the main peak of ethanol against the first-beam 
displacement, in units of pixels.
The displacement in pixels can be converted to /mi, if the size of each pixel is known. 
The pixel size was assumed to be between 6 and 10/mi (the exact pixel specification 
of the CCD chip was not available at the time of writing). This then enables one to 
quantify the pixel displacement scale in figure 5.8 in /mi.
Every time a pass is added to the system, the beam is reflected off an extra mirror. 
This means that displacement of the first beam would be amplified in the second and 
third passes. In the second pass, this doesn’t cause too much of an effect on the intensity 
when the displacement of the incident beam is small. In the third pass, the effect is 
much more noticeable.
The intensity data for the double- and triple-pass measurements are also affected by 
the 2nd-pass beam striking the outer rim of the focussing lens after a displacement of 
approximately 35 pixels of the incident beam. This prevents the 3rd-pass beam from 
being fully transmitted, and consequently its intensity drops off dramatically.
The tests of beam walk show that the intensity drops of the single- and double-pass 
setups are similar when beam walk-off occurs. The triple-pass setup, however, results in 
a faster intensity drop with the same initial-beam displacement. This would mean that 
for the latter setup to be implemented with the same level of accuracy as the single- and 
double-pass setups, beam walk-off would have to be lower. Therefore, the double-pass 
setup was implemented into Swansea’s LARA setup. As only a second pass is needed 
the mirror, M4, in figure 5.5 was replaced with a standard high-reflector ( Thorlabs E02 
coating [tla]).
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5.4 .2  M u lti-p ass m easu rem en ts o f  gases
Between the ethanol and gas measurements being taken, modifications had been made 
to the system:
•  the 500mW Nd:YAG laser source has been changed with a 2W Nd:YAG laser 
source (as described in section 5.2),
• the one dimensional IPDA (intensified photodiode array) detector has been re­
placed with a Synapse 1024 x 256 FIOP (front-illuminated open electrode) CCD 
detector (as described in section 5.3).
These hardware modifications result in improvements in the SNR. This brings the ca­
pabilities of the Swansea LARA system up to approximately those of the second TLK 
LARA system (LARA2). However, the setups still have slightly different capabilities. 
This means that direct comparisons between data  taken with the different setups are 
not possible without taking into account the differences. However, other improvements 
can still be applied to all three setups.
For the double-pass setup to be fully implemented, the improvements need to be 
verified by test measurements for which the scattering medium is a gas. The gases the 
system has been tested with are air (cell removed) and hydrogen gas (filled cell approx. 
1 bar pressure). The peak intensity values for the N2 Q-branch and the H2 Qi ( J  = 3) 
line are collated in table 5.7. As can be seen, adding a second pass approximately doubles 
the collected Raman signal for a gas. This means this setup can be implemented into 
all the 90° KATRIN LARA setups.
Table 5.7: Intensities of the N 2 Q branch and the H 2 Qi { J  = 3) branch for one and two 
pass setups.
Gas used Exposure time Peak Intensity
1 pass 2 passes
Air ( N2 Q-branch) 1 x 150s 379 752
Hydrogen (Q i(J  =  3)) 1 x 200s 404 669
5.5 Im prove im aging onto th e C C D  detector plane
Another way to improve the Raman signal in the LARA setup is to try  and optimise the 
imaging of the scattered light onto the detector plane. In the standard KATRIN LARA 
configuration, the experimental setup is fixed at an observation angle of 90° and the 
imaging of the scattered light onto the fibre input is already optimised. As the light is 
imaged onto the fibre, the fibre output needs to be verified. The setup used to measure
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Figure 5.9: Schematic diagram of the setup used to determine the fibre output.
the fibre output is shown in figure 5.9.
A modified webcam was used, as it can be placed as close as possible («  1 mm away) 
to the fibre output, so the light distribution at the fibre output can be determined. 
As described in chapter 4, the fibre is a slit-to-slit ordered fibre bundle where the slit 
dimensions are 125 /iin x 6000//m. 125/iin is width of the cladding; the core width is 
100 gm. The fibre is orientated such that the longest side is horizontal at the input and 
vertical at the output. Paper was used to attenuate the white light and ensure the light 
incident on the fibre was uniform. The webcam chip dimensions are too small to image 
the complete height. However, the variation of the width of the output can properly be 
observed.
An appropriate acquisition time was selected, to ensure the webcam did not saturate; 
the light source was placed at a fixed distance from the fibre input (so the intensity 
remains constant). The webcam image was recorded for fibre-chip distances of 3, 4, 5, 
6 and 7 mm. The recorded images were then binned horizontally, giving an averaged 
intensity profile across the peak width. The collated binned images are shown in figure 
5.10.
As can be seen, the peak profile widens and the intensity reduces and becomes more 
spread out as the webcam moves further away from the fibre output. More accurate 
measurements will be needed to determine the profile at the fibre output. This can be 
done by fixing the webcam to a translational stage and stepping the webcam back in 
smaller steps. Then one should be able to extrapolate the peak profile and width to the 
zero-position. The images show that the intensity output from the fibre is approximately 
Gaussian, but not quite: this is due to the fact that multimode fibres are used whose 
100 fj,m core diameter gives rise to a “hat-top” profile in the far-field. However, this is 
not problematic since analysis routines have been developed, which use numerical line
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Figure 5.10: Collated graph of the fibre output.
profiles (see ShapeFit in appendix A.G and [Jam 13]). This means that a deviation from 
a Gaussian line profile can be fully accounted for.
It is worth noting that the measurement data in figure 5.10 can be used to crudely 
calculate the numerical aperture of the fibre bundle. Taking for example the 5 mm 
webcam distance plot this has a FWHM of ~  200 pixels ss 2 mm (assuming a 10 /tm 
pixel size). This is equivalent to the beam diameter, so the numerical aperture is then 
NA «  ~  T& = 0.20(2). This agrees with the specified numerical aperture of the fibre
bundle NA =  0.22.
5.5.1 Im a g in g  th e  fib re  o n to  th e  d e te c to r  p la n e
The optical setup, focusing the light output from the fibre through the spectrometer onto 
the detector plane, is shown in figure 5.11. The setup is built this way to make the system 
light-tight. The spectrometer has a f-number of f/6.5, which means a focal length lens 
longer than 50 mm (lens diameter =  25.4 mm) would enable more light to be collected 
(f-number — 1/2NA =  fiens/hhens)- To obtain a f-number of 6.5 for D\ens =  25.4 mm 
would require f\ens = 165.1111111. However, it is then difficult to ensure the cage system 
is completely light-tight. The standard method of imaging ensures that the fibre output 
is imaged 1:1 onto the spectrometer slit, and the spectral resolution is defined by the 
slit width. This normal setup is shown in a simplified form in figure 5.12 a. To achieve 
higher resolution, the slit width needs to be reduced. This results in a substantial loss 
in the amount of light collected. Overall, the incorrect matching of the fibre numerical 
aperture with the spectrometer f-number results in a loss of light.
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Figure 5.11: Photograph of the spectrometer side of the cage setup
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Figure 5.12: Simplified schematic of aligning spectrometer/detector systems, a) Normal 
setup and b) new idea. Note: In the spectrometer the presence of the dispersing grating 
has been ignored.
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Figure 5.13: Image of the chosen Cs line at 456 pixels ~  601.049 nm when L2 is at its 
focal position. Slit width setting =  25 =  350 pin
A different way to image the fibre output onto the detector plane has been suggested 
to improve on this deficiency. As the fibre bundle has a fixed width the fibre core acts 
like an additional slit in the setup. The idea is, that if the lens position in the focussing 
optics is adjusted, the image on the detector plane is a convolution of the fibre core 
and the spectrometer slit. When the entrance slit width is narrower than the fibre core, 
the slit is the dominating aperture. When the slit width approaches and exceeds the 
width of the fibre core (100 /an) the fibre aperture becomes the limiting width. As 
there is an alignment of two width profiles, care needs to be taken to ensure the fibre 
image is central on the spectrometer slit, otherwise distorted line profiles occur. This 
is highlighted in figure 5.15, where the observed profile and intensity of a spectral line 
are shown as a function of entrance slit setting, for a centred (trace II) and a displaced 
(trace III) fibre image. Appropriately adjusting the lens position should maximise the 
amount of light collected whilst maintaining a high resolution spectral image.
To ensure the alignment is correct, and to test the proposed idea, test measurements 
were performed using a Cs spectral lamp. The position of the lens, L2, was shifted to vary 
the convolution effect. Here the term “focus” is used to mean highest resolution, and 
the term “out of focus” means normal imaging of the spectrometer slit . An appropriate 
acquisition time was selected so that the detector wasn’t saturated; the detector was 
set to 1 MHz readout mode. The spectrometer 600gr/mm grating was selected and 
centred at 595nm. With the slit adjusted to setting 25 (approximately 350pm), the 
position of the lens, L2, was adjusted and the spectral line at 456 pixels ss 601.049 nm 
was observed. The line width and maximum intensity of the observed line changed as 
the line approached its focus. Images of the line at the focal point and when the lens 
is out of focus are shown in figures 5.13 and 5.14 respectively. To achieve the same
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Figure 5.14: Image of the Cs line at 456 pixels ~  601.049 nm when L2 is not at its focal 
position. The rectangle represents the full width of the focussed line from figure 5.13. 
Slit width setting =  25 = 350 /rm
line width as the focussed image, the slit width of the spectrometer would have to be 
reduced substantially. To get an idea of the effect this would have, a box of a similar 
width to the reduced line width is included in the figure. As can be seen, bringing the 
lens into its focal position reduces the line width and increases the maximum intensity. 
Note that intensity ripple is observed over the spectral line width for the noil-focussed 
line. This fluctuation is partly due to the 1 MHz readout mode.
To look at the changes in more detail, for the focussed and non-focussed positions, 
the spectrometer slit width was varied in 50 pm steps and spectra were recorded (for 
on-chip binning and post-acquisition binning). The intensity differences were recorded.
A graph of the peak intensity (height) change is shown in figure 5.15 for three different 
imaging configurations. Trace I is an example of the focussed image onto the CCD 
detector plane, trace II corresponds to imaging onto the entrance slit plane and trace 
III is a misaligned image onto the entrance slit plane. Note, that the selected spectral 
line is different from the one shown in figures 5.13 and 5.14.
For the focussed case (trace I), opening the entrance slit of the spectrometer does 
not affect the observed spectral line width in first approximation, but only lets a larger 
fraction of the light cone enter the spectrometer, leading to an increase in the peak 
intensity. For the 456 pixels «  601.049 nm line, the line width remains at approximately 
4.6 ±0.1 pixel throughout, in the focussed case. This corresponds to an image width of 
approximately 120 pm, and implies that the imaging is not optimal in this alignment. 
In the focussed case, for the spectral line visualised in figure 5.15 the line width remains 
at approximately 3.6 ± 0.1 pixel throughout. This corresponds to an image width of
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Figure 5.15: Intensity and width of a (Cs) calibration line imaged by a linear fibre 
bundle (48 fibres, individual core diameter 100pm), as a function of entrance slit width 
of a SP500i spectrometer (minimum slit width 10pm). Trace I imaging onto the CCD 
detector plane; trace II imaging onto the entrance slit plane; trace III misaligned image 
onto the entrance slit plane. For details see text.
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approximately 95 fxm in the detectors in this work. This is a slightly reduced diffraction- 
limited image of the fibre core. The intensity in the non-focussed and misaligned setups 
increases by a much smaller value and the image width increases from a minimum of 
«  3.5 pixels a t a 10 fim  slit width to a maximum of «  20 pixels, where the fibre core 
diameter has become dominant. This means that increasing the slit width increases the 
SNR of the focussed setup without increasing the line width. This could, therefore, be a 
useful way of obtaining a better signal, if required. Note that the intensities do not tend 
to zero when closing the slit, since the particular spectrometer used here incorporates a 
slit width limiter, set to  a minimum of 10 fim. This is verified by viewing the data point 
when the slit adjustment micrometer has been turned beyond the zero-width position 
and the light throughput has not reduced further.
One other observation can be made from these measurements. When light is incident 
on a slit, Fresnel diffraction occurs and is observed in the spectrum in figure 5.13 as low 
intensity wings in the spectral profile. This is visible when lens L2 moves into its focal 
position, as the true edge of the light output is observed. The spectrometer slit can be 
used to cut off the diffraction pattern by setting its width such that it coincides with 
the first minimum of the diffraction pattern.
In the phenomenon described, the line-integrated amount of light collected by the 
detector is the same, in all cases. Due to the increased line width, when focussing onto 
the spectrometer slit, the peak intensity is reduced. Imaging onto the detector plane is 
a method of achieving a better SNR for the focussed case by approximately a factor of 
5, whilst maintaining a narrow line width. The maximum increase occurs by setting the 
spectrometer slit width beyond the fibre core width, at best to coincide with the first 
minimum of the Fresnel diffraction pattern. For most measurements from here onwards 
the spectrometer slit width is set to approximately 350 yum.
5.6 Introduction  o f a linear (sheet) polariser
5.6 .1  S ingle fibre p o larisation  dependence
As described in chapters 2 and 3, Raman scattered light is a mixture of two polarisations, 
I±  and J||. In the Ram an measurements performed in this work, the intensity of this 
scattered light is measured with respect to wavelength, after the light has passed through 
several optical components th a t have polarisation dependent transmission. In the work 
of Lewis [Lew07] it was assumed that the fibre bundle scrambles the polarisation of the 
scattered light, so the polarisation dependence of any further components does not make 
any difference to  the measured intensity. It was decided, for completeness, to measure 
the effect of the fibre bundle, used in this work, with respect to the polarisation of light.
First, the effect an individual fibre has on the polarisation of light was measured. 
The setup used to  perform this measurement is shown in figure 5.16. A 50 mW Nd:YAG
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Figure 5.16: Experimental setup for single fibre tests. GT1 is a Glan-Taylor polariser
used to clean up the polarisation of the laser beam, HWP is a half-wave plate used to 
rotate the polarisation of the incident beam, GT2 is a Glan-Taylor polariser that is set 
to fix the polarisation of the measured beam, PCL are plano-convex lenses and PD is a 
photodiode.
laser was used to illuminate the fibre, the Glan-Taylor polariser G T 1 was adjusted to 
clean up the polarisation of the incident beam and GT2 was set at a fixed polarisation.
A few different test measurements were performed with this setup:
• The fibre was vibrated and the photodiode signal was recorded over time (figure 
5.17).
• The fibre was rotated in increments of 10 degrees using a rotation mount at the 
exit and the photodiode signal was recorded (figure 5.18 A).
• The fibre entrance was angled and the half-wave plate rotation was repeated (figure 
5.18 B).
• The half-wave plate was rotated in increments of 10 degrees, and the photodiode 
signal was recorded (figure 5.18 C).
When the polarisation of the light incident on the fibre is varied, the polarisation 
dependent output light varies by 44.6% maximum to minimum. When the fibre entrance 
is at an angle, the same variation is 51% maximum to minimum. The polarisation of 
the output light from the fibre is dependent on the rotation angle and the intensity of 
the output light shifts when the fibre is moved.
These measurements show some of the parameters that affect the polarisation of light 
passing through a fibre. This can then be applied to each individual fibre in a fibre 
bundle.
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Figure 5.17: Graph of the single fibre vibration test. The photodiode signal is recorded 
vs. time whilst the fibre was moved and vibrated.
5 .6 .2  F ib re  b u n d le  p o la r is a tio n  d e p e n d e n c e
When polarised light is passed through a fibre bundle, it is generally assumed that the 
emitted light’s polarisation will be scrambled (unpolarised) as is stated above. This can 
be logically understood, as the number of fibres in a standard bundle are usually large 
and unfixed. This means that each individual fibre would undergo varying degrees of 
the effects demonstrated in the section above and the output polarisation would become 
scrambled i.e. unpolarised.
In the LARA setup for KATRIN, the fibre bundles contain 48 fibres in a slit-to-slit 
configuration, i.e. they are in a fixed position. Also, as the fibre input is a horizontal 
slit and the fibre output is a vertical slit, the fibres are all being rotated by at least 
90 degrees within the bundle. This means that the polarisation of the light coming 
out of each fibre is expected to be rotated. From preliminary measurements, using a 
similar setup to the one used in the above section, the fibre output appeared to show 
an unexpectedly large polarisation dependence (approx 40% variation). This was not 
understood, as for the polarisation to be maintained, each fibre would have to be fixed 
in exactly the same way throughout the 2m length of the fibre bundle. It is unlikely 
that this is the case.
To test the fibre output more explicitly a configuration was setup, which enabled the 
output of each fibre to be observed individually. A suggestion by Magnus Schlosser was 
to use the CCD detector with a white light source, as each fibre could be separately 
identified on the output image.
One other outcome from the single fibre measurements is that, if the input light is
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Figure 5.18: Graphs of single fibre polarisation tests. A) Single fibre rotated, B) Single 
fibre light incident at an angle with half-wave plate rotated and C) Single fibre incident 
light perpendicular. The expectation for ‘scrambled’ polarisation would be a constant 
intensity and for ‘perfect’ polarisation the minimum intensity = 0 .
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Figure 5.19: Experimental setup for fibre bundle test. Ml - M5 are broadband mirrors 
used to guide the laser beam to the cell, HWP is a half-wave plate, FL and PCL are 
plano-convex lenses. BD is a beam dump and GT1 and GT2 are Glan-Taylor polarisers. 
G T 1 is set to ensure that the light incident on the fibre bundle is of one polarisation 
only and GT2  is rotated to measure the polarisation dependence of each fibre in the 
bundle.
entering the fibre at an angle, the polarisation preservation changes. This means that, 
in these test measurements, the light needs to be focussed onto the fibre in the same 
way as it will be during the Raman measurements. To obtain preliminary results more 
quickly, a simple ethanol Raman scattering experiment was set up to create the incident 
light. The setup configuration can be seen in figure 5.19.
GT1 is used to ensure the light incident on the fibre is linearly polarised and GT2 
is rotated to check the polarisation dependence of the light for each fibre bundle. A 
modified webcam was used as it enabled a section of the light, and up to 1 2  fibres, to 
be observed individually. The routine to extract the data from the webcam is shown 
in appendix A.6 . An example of the observed image is shown in figure 5.20. Rotating 
GT2 results in a small amount of beam walk, which makes it difficult to ensure the same 
fibre is always observed. So. the height of the webcam was adjusted such that the top 
fibres could be observed and GT2 was rotated in increments of 1 0  degrees, between 0 ° 
and 180°, recording an image with the webcam for each angle. The webcam height was 
readjusted to observe the bottom fibres and the experiment was repeated. The data 
was binned over each of the fibres and the intensity of each fibre output was determined 
(peak heights were used). An example of the variation curves for two of the fibres is 
shown in figure 5.21.
To give an indication of the variation of the peak intensity (height), the angle that
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Figure 5.20: Screenshot of the observed image of the modified webcam
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Figure 5.21: Peak height vs GT2 angle for two of the fibres near the top of the fibre 
bundle output slit.
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the minimum intensity occurred at for each fibre was recorded. These are collated in 
table 5.8. As can be seen the maximum observed shift is 60°. This is not the only thing
Table 5.8: The GT2 angle of minimum intensity for each observed fibre.
Top fibre GT2 Angle 
of minima (degrees)
Bottom fibre GT2 Angle 
of minima (degrees)
1 160 2 160
2 1 1 0 3 130
3 1 0 0 4 1 2 0
4 1 2 0 5 1 0 0
6 1 2 0
7 140
8 140
that will determine whether the polarisation is completely scrambled. Looking back at 
figure 5.21 shows that the polarisation preservation of each fibre also changes.
5 .6 .3  C o n c lu sio n s
These measurements show that the polarisation preservation through each fibre in the 
fibre bundle is different. None of the observed fibres within the bundle completely 
scrambles the polarisation of the incident light. The results from section 5.6.1 show 
that, if the polarisation of the light incident on a fibre changes, the output polarisation 
changes. As the collected Raman light is a mixture of two polarisations, I± and /||, it 
means that the polarisation preservation of each component is different for each fibre 
within the bundle. This makes it difficult to accurately measure how the intensity 
incident on the fibre changes when passing through the optical system.
As a result of the measurements, a linear (sheet) polariser was inserted into the 
standard 90° LARA collection system between the two collection lenses. The rotation 
angle of the polariser was set such that the transmitted light is vertically polarised. In 
the LARA setup in this work, this corresponds to the Raman component I±. As a result 
of this, the polarisation beyond this point is fixed. A result of this is that changes to the 
polarisation caused by the optics in the collection path beyond this point will always 
be the same. However, this statement is only true if the fibre bundle is not moved. 
Therefore, the fibre bundle needs to be kept as static as possible during measurement 
runs. Any changes to the polarisation of the radiation incident on the sheet polariser 
will be observed in the detection system as a change in intensity only.
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Figure 5.22: Sketch of the collection optics for Swansea’s LARA system considering the 
solid angle for non point like sources, a) Collection optics, b)Aperture reduction for non 
point-like source
5.6.4 E ffect o f lin e a r  p o la r is e r  on  R a m a n  co llec tio n  an g le
Inserting a sheet polariser into the collection path potentially influences the solid angle
of the collection system. A sketch of the light collection optics for Swansea’s LARA 
system is shown in figure 5.22 a).
For a point like source the collected light is completely collimated and collection angle 
is governed by that of the first lens. This collection path is shown in red in the figure. 
However, for sources of extended length the collected light has a small divergence angle, 
9d, given by [new]
0d = j  (5.1)
where x is the height of the source from the lens centre and f is the focal length of the 
first lens. For a multi aperture system this results in light being lost as depicted in figure 
5.22 b).
As the KATRIN LARA collection system has two additional apertures after the first 
collection lens, the lost light at the second aperture (c2) only needs to be calculated. As 
shown in the figure this is approximately equal to 3 mm. The reduced aperture size is
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then 11.5 — 3 =  8.5 mm which limits the angle of the collected light 6\\m to
0,im =  *an-1 (^^ [)  a  4.9° (5.2)
This angle limit will be verified with solid angle tests relating to the depolarisation 
measurements in chapter 6 .
Chapter 6
D epolarisation m easurem ents of  
the hydrogen isotopologues
6.1 C hapter overview
In this chapter the depolarisation measurements of all six hydrogen isotopologues have 
been successfully completed. The corrected depolarisation ratios of the Qi-branch agree 
with the theoretical values within a la  confidence level. This is the first time depolarisa­
tion measurements of the radioactive hydrogen isotopologues have been performed. The 
comparison of the depolarisation measurements of hydrogen with the literature show 
th a t the results here are more accurate than previously published data.
Depolarisation measurements of the pure rotational So and vibration-rotation Si and 
Oi-branches of hydrogen have been completed and the depolarisation ratio of p =  0.75 
has been successfully verified. The uncertainties in these measurements are higher, 
due to the signal-to-noise ratio of the measurements being much lower than for the 
Qi-branches.
The work presented in this chapter, on the depolarisation measurements of the Q- 
branch of the hydrogen isotopologues, and the procedure to relate the measured depo­
larisation ratio to the theoretical values, has been published in two papers [Jaml2a] and 
[Schl2a]. The routine developed for the correction procedure is available to download 
from the open source software distribution site Sourceforge [SJLb] and is fully docu­
mented [SJLa], so it can be applied when necessary.
Note than the successful method of the depolarisation measurements is not limited 
to the hydrogen isotopologues. It has been applied to some atmospheric gases, which 
will be discussed in more detail in chapter 7.
The line positions of the non-tritiated hydrogen isotopologues have been accurately 
measured and compared with the theoretically calculated energy levels of LeRoy and 
the experimental approximations of the line positions given in chapter 2. The measured
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line positions of the Q-branch of D2 are found to agree with both sets of values within 
the experimental uncertainty. The H2 and HD lines have been found with an offset 
of 0.8 cm -1  and 0.5 cm-1 , respectively, compared to the LeRoy values. The reason for 
this offset is suspected to be an inaccurate wavelength calibration. The experimental 
approximations of the line positions of HD given in chapter 2 are no longer valid for 
J  >  4 as the offset between the values measured here increases beyond this point.
6.2 Introduction
In this chapter the aim is to experimentally verify the polarisability tensors of the 
hydrogen isotopologues that are calculated from ab-initio calculations in the literature 
[LRoy88]. The measurements used to do this axe so called depolarisation measurements, 
where the depolarisation ratio, p, is measured. The theory behind these measurements 
and Raman intensities was discussed in chapter 3.
To experimentally determine this ratio, a stable excitation source, in power and wave­
length, is needed, as drift would result in uncertainties in the measured values. The 
sources used in this work (in Swansea and TLK) are stabilised by water cooling the 
laser head, as described in chapter 4. The other main experimental variable is the 
change in the polarisation of the light beam. The accuracy and effect of this is included 
in the analysis and correction procedure.
In the KATRIN experiment, the intensity of the hydrogen isotopologues needs to be 
determined accurately, so the isotopologue composition calculated from these intensi­
ties is reliable. As described in chapter 3, the concentration is determined by fitting the 
measured intensities with a theoretical intensity curve. Embedded inside this theoretical 
curve are the polarisability tensors, which have been calculated using ab-initio calcula­
tions from the literature [LRoy88]. There is no indication of uncertainty in these mea­
surements, and the theory only applies for pure single-point, zero solid angle (SPOSA) 
configurations. Therefore, a method to compare the measured values with the literature 
needed to be developed. The theory behind this extension is discussed in chapter 3. 
The experimental procedure and application of the correction model is discussed in this 
chapter.
The challenges and the measurements required to experimentally verify the depolar­
isation ratio are included in this chapter, along with a full discussion of the results and 
comparison to the values in the literature.
On top of the ab-initio calculations, experimental depolarisation measurements of 
hydrogen have been performed by Holzer et al [Hol73] and Yu et al [Yu07]. However, 
to the best of our knowledge 110 experimental verification of the tritiated values can be 
found in the open literature.
The early investigations into the depolarisation measurements of the non-tritiated hy­
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drogen isotopologues in Swansea are included in Alshahrie [Alsll]. The work described 
in this chapter is discussed and published in [Jaml2a] and [Schl2a].
6.3 D epolarisation  m easurem ents
The concept of a depolarisation measurement was discussed in chapter 3. They are used 
as an experimental verification of the polarisability tensors derived in the literature, 
by comparing the measured depolarisation ratio, p0bs, with the one calculated using 
the polarisability tensors. The definition of the depolarisation ratio will be restated for 
clarity.
6 .3 .1  D ep o lar isa tion  ratio
The phenomenon of depolarisation is associated with the change of the intensity of the 
perpendicular and parallel components of the Raman scattered irradiation by either 
changing the polarisation of the incident exciting radiation for a fixed intensity com­
ponent, or by the change in intensity of the perpendicular and parallel components of 
the scattered radiation for a fixed incident exciting radiation polarisation. The ratio 
between the two components (in either case) is referred to as the depolarisation ratio, 
P-
In this work the depolarisation ratio is measured for a fixed scattered polarisation, 
J_s , and the depolarisation ratio is given as
_  -fj-MI*(^<£0 _  - v
P o b s  “  ~  '  ’
where I is measured Raman scattered light intensity, 6 and <p are angles, which define 
the direction of the scattered light and <f> is the line strength function. The terms in the 
equation are discussed and considered in full in chapter 3.
This depolarisation ratio is the observed (measured) depolarisation ratio. This is ob­
tained experimentally by acquiring Raman spectra when the incident laser polarisation 
is vertically polarised (_Ll ) and horizontally polarised (||z), calculating the intensity as the 
area underneath a Raman line and determining the ratio. The theoretical description of 
the intensities within this ratio is obtained using the extended source, non-zero solid an­
gle (ESSA) approximation with the addition of optics effects (polarisation aberrations) 
as described in section 3.3.5.
The depolarisation ratio referred to in the literature is the same as the SPOSA ap­
proximation and this depolarisation ratio is given by
= = 362„ n;,,n , .
SP0SA $ x , ± i(0 =  7r/2 ,v  =  0) 45|(t)/|a |u<) |2 +  46}/0.Ji0|(t>% |ui)l2
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This can be calculated from the literature values of LeRoy [LRoy8 8 ] and [Roy 1 2 ], 
Following the theory described in chapter 3, the full expression for the depolarisation 
ratio (ESSA plus optics effect) is
. t A  + ( l - t ) B
W ' - f S  +  ( N f ) j  (6'3)
where
A — l l j  I±a,\\'(0i t ) sin 9dOdzdtf (6-4)
* <p,z,0
B =  / / /  I  if) sin 0d0dzd~f (6-5)
J J  J  <p,ZyO
and the integrals are parameterised over the collection solid angle, as described in section 
3.3.6. Pcedc can t>e  determined for any theoretically known P s p o s a  value, provided the 
solid angle is parameterised and the laser beam cleanness is known. The theory can also 
be extended to include corrections due to polarisation changes caused by optics in the 
collection path. For the final analysis these corrections are neglected. The measurements 
and discussions on why are included in section 6.4.
G.3.2 T h e o re tic a l d e p o la r is a tio n  ra tio
The theoretical (SPOSA) depolarisation ratio can be calculated using equation (6.2), as 
long as the polarisability tensors are known.
As stated above, calculations of the polarisability tensors have been performed in the 
literature using ab-initio calculations. In this work, we have obtained newly calculated 
polarisability tensors for 532 urn excitation radiation from LeRoy [Royl2], The model he 
used is the updated version of the one described in Schwartz and LeRoy [LRoy8 8 ], where 
the calculations are done for 488 nm radiation. The polarisability tensors are included 
in appendix A.4.1. The depolarisation ratio is calculated using equation (6.2) and the 
resultant depolarisation ratios are included in table 6.7. These theoretical depolarisation 
ratios will be compared with the measured values in section 6.7.
6.4 Effects influencing polarisation
As discussed in chapter 3, the correction procedure depends on how clean the polari­
sation of the incident laser beam is. In terms of the laser beam, we have defined this 
parameter as the beam cleanness £ =  cos2 a  where a is the angular deviation from the 
vertical polarisation direction. This beam cleanness can have a significant influence on 
the measured depolarisation ratio. This was demonstrated in the early depolarisation 
measurements included in Alshahrie [Alsll], where stress induced birefringence in one
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of the cell windows leads to a large increase in the measured depolarisation ratio. These 
measurements will be briefly referred to again in section 6.6 for clarity.
To maximise the beam cleanness, investigations into the effect th a t optics in the beam 
path  have on the polarisation of the light beam have been performed. The components’ 
locations have been optimised to ensure tha t the beam cleanness is as high as possible.
An experimental procedure to determine the cleanness and polarisation effects of 
optics is required. The polarisation tests on the main components in the beam path  will 
be discussed individually.
Note th a t the test measurements discussed were only performed using the LARA 
system in Swansea.
6.4 .1  E xp erim en ta l p rocedure
The experimental procedure to verify the effect of polarisation involves using a combi­
nation of a Glan-Taylor polariser and a photodiode to measure the polarisation of the 
incident light beam. The polariser is rotated and the power tha t is passed through it
is recorded. If the light is polarised, this leads to a sinusoidal curve. The cleanness is
then determined as the ratio of the maximum and minimum of this sinusoidal curve by 
either taking the nearest reading to the maximum and minimum or fitting the da ta  with 
a sin2 curve of the form
y = y0 +  A (sin2(7r(cc -  x c)/w))  (6.6)
where yo, A, x c and w are the fit parameters. The cleanness £ is then
i  =  1 -  (6.7)
yo + A
For highly polarised light, the most accurate method of determining the cleanness was 
found by rotating the polariser in small steps around the maximum and minimum.
The experimental setup is shown in figure 6.1. The optics placed in front of the Glan- 
Taylor polariser can be altered so th a t the effect the optic has on the beam cleanness 
can be determined.
6.4 .2  G lan-T aylor polariser
In the LARA setup, a Glan-Taylor polariser is used to ensure tha t the polarisation of the 
incident beam is as clean as possible as is shown in chapter 4. This is a starting point to 
measure the cleanness of the laser beam and this will be taken as the highest cleanness 
possible in the given system. The measurement setup was as shown in figure 6.1, with 
no optic present at the “analysis optic location” (AOL). The measurement procedure 
described above was followed and the maximum and minimum of the sinusoidal curve
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Figure 6.1: Experimental setup for polarisation tests. The optics that have been inserted 
at the analysis location are: none, half-wave plate, window, plano-convex lens or a 
combination of these. The number of neutral density filters in the stack is selected to 
prevent the photodiode from saturating.
were determined. This resulted in a beam cleanness of £ = 0.99995(3).
The test was repeated with GT1 moved to a position in front of the laser output. 
This meant that the polarised light was reflected off 5 mirrors before the polarisation 
was analysed. This resulted in a cleanness of £ =  0.99713(10). This is much worse 
than when the Glan-Taylor polariser is immediately in front of the analysis system and 
would noticeably affect the depolarisation measurements. This means that the Glan- 
Taylor polariser needs to be installed in front of the half-wave plate in the LARA setup 
to maximise the beam cleanness.
A beam cleanness of £ = 0.99995(3) proved to be the maximum cleanness measurable. 
The effect other optics between the Glan-Taylor polariser and the cell have on the beam 
cleanness will now be determined.
6 .4 .3  H alf-w ave p la te
The first optical component in the setup after the Glan-Taylor polariser is the half-wave 
plate. As this optic is inserted into the path by hand there is a possibility that it could be 
tilted. Therefore, the polarisation cleanness determination described above was tested 
for multiple tilt positions of the wave plate at the AOL position in figure 6.1. This was 
repeated, where the wave plate rotation angle was set so that horizontally polarised light 
and vertically polarised light were generated, as would be the case in the depolarisation 
measurements. The tilt was adjusted about the perpendicular position in steps of 4°. 
Graphs of 1 — £ vs the tilt angle were produced for both polarisatious and are shown in 
figures 6.2 and 6.3.
The figures show that, as the wave plate is tilted, the beam cleanness becomes worse. 
For example, when the tilt is as high as 16° (away from the minimum) the cleanness 
has reduced to £ =  0.99041(13) for the vertically polarised case. The cleanness may
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Figure 6.2: (1 — £) vs half-wave plate tilt. The half-wave plate is rotated so that the 
emerging polarisation is vertically polarised.
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Figure 6.3: (1 — £) vs half-wave plate tilt. The half-wave plate is rotated so that the 
emerging polarisation is horizontally polarised.
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still appear to be very high, but even this small reduction, of approximately 1%, is 
sufficiently large that it would have an influence on the measured depolarisation ratio, 
as is demonstrated in section 6 .6 . The reduction in beam cleanness with tilt, when the 
em itted light is horizontally polarised, is less severe. However, an effect is still observed.
Overall, as long as the half-wave plate is aligned so tha t it is as close as possible to 
perpendicular to the laser beam direction, the cleanness remains high for both of the _L 
and || polarisations. The cleanness after passing through the half-wave plate, when it is 
optimally aligned, was found to be £ =  0.99996(1). This is approximately the same as 
the cleanness after only passing through the Glan-Taylor polariser.
6 .4 .4  R am an  cell laser w indow s
As the hydrogen isotopologues are harmful (especially tritium ), the leak tightness on the 
cells is im portant and the minimum leak rate requirements are stringent. This means 
th a t O-ring sealing is not used in the cell, as the leak tightness is not sufficiently high. 
Glass-metal components alongside metal compression seals are utilised. This type of 
sealing of the cell induces non-negligible stress in the windows. This induced stress can 
cause birefringence ([Shr02] and [Log94]), which has a potentially large effect on the 
polarisation of light passing through it.
The windows in the cell have different anti reflection coatings on them, depending 
on whether they are for the laser transmission or the scattered light transmission, as is 
shown in chapter 4. The coatings may have an influence on the polarisation. In this 
section, the laser window cleanness will be measured, as it only involves one beam passing 
through the optic in a small cross section. For the collection windows determining the 
effect is more complicated, as the entire window would have to be mapped at multiple 
angles to produce a 2-dimensional cleanness plot, with respect to the angle of incidence 
of the light beam.
To try  and verify the amount of stress in the laser windows, the polarisation cleanness 
determination, described above, has been performed with a spare laser window at the 
AOL position. The actual cell windows in use could not be used individually as they 
are fixed in location on the cell. The cleanness can, however, be measured for both laser 
windows combined. This has been checked, along with separate measurements using the 
spare cell windows.
The Raman cell was placed at the AOL position and the polarisation determination 
measurement procedure was followed. In one of the test measurements the cleanness was 
found to be £ =  0.9424(5). This was drastically lower than expected. The reason behind 
this was determined by viewing one of the laser windows. The window surface had some 
dirt/sm all damage on it. This had a major effect on the polarisation of the beam. 
The other window appeared to be clean on visual inspection. It is assumed that the 
decrease in cleanness was caused by the second cell window. This will be verified in the
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depolarisation measurements in section 6 .6 , by comparing the measured depolarisation 
ratio with 1 and 2 passes of the beam through the system.
The spare cell windows were placed in the beam path  at the AOL position. To try  and 
make the situation as similar to the real measurement as possible, the half-wave plate, 
at its optimum tilt, was placed in front of the windows. The measurement procedure, 
described above, was followed twice, once with the window and half-wave plate at the 
AOL position and once with the half-wave plate only at the AOL position, so the change 
in cleanness could be more easily determined. This measurement was repeated with the 
window repositioned. The cleanness, when the laser window was inserted into the beam 
path  was found to be £ =  0.99481(1) and £ =  0.98986(1); when the laser window was 
removed, the cleanness was measured as £ =  0.99879(1) and £ =  0.99988(1).
This shows tha t the window does indeed reduce the cleanness. However, these num­
bers cannot be taken as the real values to be used for the depolarisation measurements 
as they are not the same windows as in the cell(s). When the windows are secured to 
the cell, there is a chance th a t the stress acting on the optic could change because of 
the tightening procedure. A m ethod is required to determine the cleanness of the beam 
from within the cell. This m ethod is proposed and implemented in the analysis of the 
depolarisation measurements in sections 6.5 and 6.7.
The laser windows potentially have the largest effect on the cleanness of the laser 
beams polarisation. However, if the windows are not damaged the cleanness can still 
be as high as £ =  0.99. This m ethod cannot be used to determine the cleanness of 
the individual laser windows when they are mounted on the cell. Another m ethod to 
obtain these values is implemented in the analysis of the depolarisation measurements 
in section 6.7.
6.4 .5  R am an  co llec tio n  w indow s
To determine the cleanness of the collection window is more complicated as the scattered 
light is divergent and passes through the window at multiple angles. The light then also 
strikes a collection lens a t multiple angles before it is re-collimated and the polarisation 
is analysed by the sheet polariser. The same m ethod as described above can be applied 
to determine the cleanness. However, multiple tilt angles of the window and collection 
lens need to be taken into account.
In this work, complete tilt measurements have not been performed. Proof of principle 
tests at a few tilt angles have been performed to  give an indication of the potential reduc­
tion in cleanness caused by the collection window. A spare Raman collection window was 
placed in the beam path  at the AOL position. The polarisation determination measure­
ment procedure was followed at 3 different tilt angles (0°, —5° and +5°). The cleanness 
was also measured when the window was removed for comparison. The resultant clean­
ness values were -5 °  : £ =  0.99495(4), 0° : £ =  0.99451(5), +5° : £ =  0.99406(1) and
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no window £ =  0.99911(2). These measurements show that the collection window does 
have a major effect on the cleanness of the beam passing through it, and the measured 
value changes with angle of incidence.
A second method to verify the stress in the collection windows has been applied in 
KIT, using perpendicular polarisers and a microscope ([Schl3]). The Raman collection 
window was placed between two “crossed” polarisers, i.e. one rotated so it transmits 
vertically polarised light and one rotated so it transmits horizontally polarised light. 
If the window did nothing to the polarisation of the light the resultant image on the 
microscope would be one colour. An example of one of the measured images is shown 
in figure 6.4. The image shows that the polarisation of the light passing through the
Figure 6.4: Microscope image of Raman collection window placed between two “crossed” 
polarisers. The false-colour change corresponds to intensity of the light. From Schlosser 
[Sell 13]
window is no longer uniform. It gives an indication of the stress across the window. 
These measurements were performed several times for different cell windows in [Schl3] 
to demonstrate that the effect changes if the window changes.
Transmission of light through optical components can be considered theoretically 
using Jones or Muller calculus ([Kit09], [McG94], [Ini03] and [Col05]). This has been 
considered as a possible method to take into account the polarisation effects in the 
collection optics. This will be discussed in the next section
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6 .4 .6  Jon es and  M u ller ca lcu lu s
Jones and Muller calculus can both  be used to quantify the effect th a t optics have on 
the polarisation and intensity of light. The difference being th a t Jones calculus deals 
with light in term s of electric field vectors, whereas Muller calculus treats light in its 
intensity form. Both methods lead to the same results and will be summarised here.
Jones calculus
When considering the collection system of the LARA system in this work (see figure 6 .6) 
the optics consist of a sample cell window, collection lens and a sheet polariser. Using 
Jones calculus 2 x 2  Jones matrices, J , are used to obtain the relationship between 
the incident and transm itted light beams (for more details see Hecht [Hec02] or K ita 
[Kit09])
£out(0, </>) =  J p J a \ J a 2 • E-m{6, ip). (6 .8)
where J p  is the Jones m atrix  for the sheet polariser, J a \ is the Jones m atrix for the 
collection lens (aperture 1) and J a 2 is the Jones m atrix for the cell window (aperture 
2). The following assumptions need to apply for this equation to be valid, namely:
•  the whole collection system can be described as exhibiting a (homogeneous) net 
effect on the polarisation (mainly linear di-attenuation and linear retardance);
•  the polarisation aberrations have (nearly) no angular dependence; and
• circular di-attenuation and retardance are negligible, as indicated by K ita [Kit09].
Using the assumption th a t we are only concerned about an angular-independent net 
effect from the collection system, then equation (6 .8) can be simplified by using a new 
Jones matrix, Jc ,  which defines the net effect of the collection system
£out(0, <p) = J p J c  • (p)- (6-9)
The vector E-in defines the effective polarisation state of integrated Raman light gener­
ated in the scattering region.
Ein =  ( 6 . 1 0 )
with 0 1| and (f>± being the initial phase shifts of the perpendicular and parallel compo­
nents of the scattered radiation. The Jones m atrix of the polariser aligned to transm it
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Table 6.1: Physical significance of Pauli coefficients ai<. Table adapted from McGuire 
and Chipman [McG94].
Coeff. Physical sign, of 9?(afc) =  apfe Physical sign, of Q(afc) =  d Rk
ao Pol.-indep. amplitude Pol.-indep. phase
d \ Lin. diattenuation along coord, axes Lin. retardance along coord, axes
d2 Lin. diattenuation at 45° to the coord. Lin. retardance 45° to the coord.
axes axes
d3 Circ. diattenuation Circ. retardance
vertically polarised (_!_*) light is given as [Hec02]
'o O'
Jp =
0 1
(6 .11)
The only unknown part is the Jones m atrix of the collection system. It is convenient to 
write the Jones m atrix in the exponential form J  =  expV. V is a m atrix exponential 
expression that characterises the Jones matrix [Kit09]. This m atrix can be expressed by 
Pauli expansion (Oi are the Pauli matrices) as
P  — ^   ^dk&k 
k=0
Thus the Jones m atrix of the collection system can be written as
Jc =  exp (aO0o +  a i^ i +  &2 ° 2  +  «3^3)
(6 .12)
(6.13)
where the Pauli coefficients, a*;, are given as dk =  dpk +  idRk (see table 6.1). As 
mentioned above, the assumption is made tha t no circular polarisation effects occur and 
thus a3 «  0 +  iO.
Therefore, the m atrix Jc  becomes
(opo +  a p i)  +  i  (opo +  a>m)Jc = exp
ap2 + ia,R2
ap2 + idR2 
( a p o  -  a p i )  +  i  ( d R o  -  d R i )
(6.14)
A homogeneous amplitude aberration apo 7^  0 would only alter the amplitude equally. 
In the depolarisation measurements, this would cancel out if the depolarisation ratio is 
calculated (as p =  L u/I^ j) .  Therefore, this constant can be set to apo =  0.
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with this equation (6.9) becomes
£ O"t(0»  ( E  +  E  e-a PleHam -a m +4,±.) (6.15)
This last equation allows one to calculate the observed intensity I = |£ 0ut|2- In the 
following, the parameters apo) clri and a,R2 have been collated in a total parameter 
«/?,tot. and it is assumed there is no initial phase difference between both polarisations 
((f)||.s — 0j_, = 0) of the initial beam. Thus, the resulting term for the intensity with 
incident polarisation pl is
I±S pi = E 2±S pt exp(-2api) + E^s y  exp(2aP2)
' -----------------------  '  N   V '
transm itted  _LS—component leakage from ||s —component
+ 2E±S'PiE\\siPi exp(ap2 -  api) cos (apjtot)
s v '
contam ination induced by retardance
(6.16)
Thus, the intensity term has been reduced to a three parameter representation, which 
describe linear diattenuation (api, ap2 ) and the retardance from stress birefringence
( u r , to t) -
M u lle r ca lcu lu s
The same formula which has been derived using Jones calculus (equation (6.16)) can 
be obtained by using Muller calculus (see Toro Inesta [Ini03] or Collett [Col05]). Both 
derivations (Jones and Muller) are shown here to demonstrate that both theoretical 
methods can be used to determine the same result.
The optical system is the same as in equation (6 .8 ). The relationship between the 
incident and transmitted beams passing through the LARA collection system is
S'out =  M p M c S u (6.17)
where Mp is the Muller matrix for the polariser and M q is the Miiller matrix for the 
collection system.
The vector S  defines the polarisation state in intensity form and is given as
S  -
( l \
Q
u
V)
^ +  E “i s,pi ^
m2   m2
| | s , p* ± s ,p'
2£'||S)p!£ ,j_.sp7 COS A 
\ 2 E ||.J)i.E1_.iPi sin A J
(6.18)
where /  is the total intensity, Q  = I 0 — / 90, U =  1+ 45 — /_ 4 5 , V  = I r cp — I l c p  (Rep is
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right circular polarised and Lcp is left circular polarised) and the electric field vector of 
a completely polarised system is defined as
E  = Ey. p, sinM  + + E ± \ P‘ sin(w( +  )] (6.19)
and A — 0j_s p* — 0||s p* •
The Miiller matrix of the vertical polariser in the collection path is given by [Ini03]
( l -1 0
1 -1 1 0 0
2 0 0 0 0
1 ° 0 0
( 6 .20 )
After substituting this into equation (6.17), along with the standard 4 x 4  Miiller matrix 
with notations wij for M e , the intensity, Ij_s p,, can be extracted. This is the first entry 
of the resulting .S'out vector.
= 2  {Wi ^E \\s,p1 +  E ±.-v )  +  W2^E \\a,pi ~ E ±“,p’)+
wz{2E\\s pxE±Sy  cos A) + W4(2E^S piE ^ a pi sin A)) (6 .2 1 )
where w \  =  w \ \  — W2 1 , u>2 = w  12 -  W22, W3 — W13 -  W23 and W4 ~  w  14 -  w 2 4 . Equation 
(6 .2 1 ) simplifies to
Jj.-.p* ( (^ i +  w 2 ) E \ \ * y  +  (w i -  w 2 )^ i* ,pi +
2w sE ^ piE ±s pr cos A 4  2w4E^SpiE ±Spi sin A) (6.22)
This can now be converted to the final formula of the Jones calculus (cf. equation (6.16)) 
I±siPi =  E]_S p1e x p (-2 a P}) + E \\sy  exp(2ap2)
transm itted  _LS -  component, leakage from ||s—component
+ 2E1siPiE llsy  exp(aP 2  -  aP 1 ) cos (afiitot),
N   v '
contam ination induced by retardance
where the following parameters are defined as
3—2aPi _  _=  ~ { w  1 -  w 2 )
2
e 2 a P 2  =  I  (wj +  W 2 )  
, a P 2 - a P1 = 1 ^ 2  +  w2
aR,tot = A -  tan 1 (10 4 / 1 0 3)
(6.23)
(6.24)
(6.25)
(6.26) 
(6.27)
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This equation can be used to describe the scattered intensity. To enable it to  be 
implemented in the discussion on the correction procedure of the depolarisation mea­
surements in section 6.4.7 the depolarisation ratio can be calculated from this equation 
as
P = y ^ t  (6-28)
1±s,±i
with
Y \ \ ° , \ \ *  2 X j_ S) ||iYj|S)||i COs(OR)tot)  
+  2X_LS)J_i Yj|S)jLz cos(anttot)
(6.29)
X ±siPi = E ±Spie api
=  1^1 s,pi e ° P2
X  ±3 jpiY\\s ypi — Ej_s^piE\\s^pi
The other possibility would be a full characterisation of the optical system from which 
these coefficients can be determined. The method behind this would be similar to th a t 
described by Logan et al [Log94].
6 .4 .7  C orrecting  for po larisa tion  aberration  effects
As already demonstrated above, the optical components in the laser beam and scattered 
light path  have an effect on the polarisation of the radiation. Using the described 
formulae, these effects can be taken into account using equation (6.16) and the solid 
angle integration described in chapter 3. The procedure tha t has been used for the 
calculations of geometrical influence is described in section 6.7.4, where £ is input by 
the user, rather than  determined from a measured depolarisation ratio. Using these two 
approaches, it is possible to estimate the influence polarisation aberrations have on the 
depolarisation ratio. Four different polarisation scenarios are considered
1. Only the geometrical influence is considered, i.e. no polarisation aberrations are 
included meaning the cleanness of the laser beam is set to £ =  1.
2 . The geometrical influence and the reduced polarisation cleanness of the laser beam 
are considered i.e. £ 1. However, aberrations in the collection optics axe not 
included.
3. Observing equation (6.16) shows th a t the cleanness of the scattered light can be 
reduced by leakage of polarisation and/or retardance. Both effects can be investi­
gated individually by splitting the light intensities into two mutually perpendicular 
components. Simplifying the equation reduces the complexity and allows one to
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identify any dominating mechanism. Two scenarios axe considered where each 
equation is a simplified form of equation (6.29).
(a) In the first scenario, the induced retardance is neglected so that any polari­
sation shifts are introduced by different attenuation losses in the polarisation 
components. This would be the case if the related reflection losses of the 
optic had a strong dependence on the angle on incidence. Equation (6.29) 
can then be rewritten as
cA± s E \ s^  +  cA)\ \s E ^ ^  ^  ^
PA ~  F 2 r  p 2  (6.30)
a ,j.s ||s,_l*
(b) In the second scenario, the leakage term is neglected and only polarisation 
changes introduced by retardance in an optical material (i.e. stress induced 
birefringence) are considered. In this case equation (6.29) can then be rewrit­
ten as
pB =  7 f 2 T 7  p  p   (6-31)c B , ± a&j_a ± i  +  c B,\\sJl/\\a, ± i -C'±s , ± t
In both scenarios the polarisation cleanness of the incident beam is assumed to be 
perfect £ =  1. The c-parameters for the two scenarios are defined as
cA)±s = cBt±s = e~2api
<U,||. =  e2api
cBj|, =  2eap2~ap' cos(aM,tot) 
with the restriction that 0 < c < 1.
To study the influence of polarisation impurity in the four scenarios a single parameter 
in each has to be changed. In the second scenario, the cleanness £ is changed and in 
the third and fourth scenarios the ratio between c± and cy is changed. The dependence 
of the calculated depolarisation ratio with respect to the collection solid angle related 
to the four scenarios is shown in figure 6.5 for Psposa = 0. For the second scenario 
only small impurities are considered (£ =  0.999 and £ =  0.998) while for the third and 
fourth scenarios the parameter ratio of c± and cy is 0.9 : 1 is quite extreme and can be 
considered as a “worst-case” scenario. The following observations can be made from the 
figure.
• A large contribution to the deviations between the theoretical and measured de­
polarisation ratios stems from polarisation impurities in the excitation laser beam. 
Even minute admixtures of the unwanted polarisation leads to offsets substantially 
larger than the experimental uncertainty (typically Ap « ± 5 x  10-4 ).
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Figure 6.5: Influence of the polarisation aberrations in the laser excitation (polarisa­
tion cleanness £) and the light observation paths (admixtures ca,±s and on the
calculated depolarisation ratio. In this plot Ps p o s a  = 0.
• With small collection angles that are smaller than is practicably achievable in 
many measurement setups, the deviation between theoretical and measured depo­
larisation ratios is noticeable and quickly surpasses the measurement uncertainty 
as the solid angle increases.
• For small collection angles of less than 5° the influence of the deterioration caused 
by the collection optics is small. Even in this case, where a “worst-case” scenario 
has been assumed, the unwanted contamination only reaches 10%. However, if the 
collection angle exceeds 1 0 ° the effect becomes lion-negligible.
• The two scenarios that account for the polarisation aberrations in the collection 
path exhibit similar behaviour, so neither can be regarded as the dominant mech­
anism.
As a result of these discussions, the contributions that affect the depolarisation ratio 
originate from the geometry and polarisation impurities in the incident laser beam par­
ticularly for small collection angles, which is the case here, as will be shown in section 
6.5.4. Therefore, polarisation aberrations caused by the optical components in the collec­
tion path will be neglected from the analysis of depolarisation measurements. The only 
cleanness parameter which will be included is £, the cleanness in the incident excitation 
radiation.
——  geometry only 
— — laser cleanness 4=0.999
 laser cleanness 4=0.998
 collection path cA $ = 0.9
 collection path cB 1$ = 0.9 t  y
s / '
1 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 r-1  r
1 2 3 4 5 6 7 8 9  
L ig h t c o lle c tio n  a n g le  /  d e g re e
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6.5 Experim ental setup  for depolarisation m easurem ents
The measurement procedure to obtain the depolarisation ratio is im portant as it can 
have fairly large effects on the accuracy of the observed and corrected values. In this 
section the experimental configuration will be discussed, specifically highlighting the 
changes from the normal Raman setup, described in chapter 4 that are required and 
stating the selected measurement parameters.
6.5 .1  E xp erim en ta l configuration
The setups used for the depolarisation measurements of the hydrogen isotopologues are, 
by and large, identical to the setups used in the normal analytical Raman measurements 
at Swansea and the Tritium Laboratory Karlsruhe (TLK) at KIT, as described in chapter
4. Only a few minor modifications have been introduced to allow for (i) controlled 
changes in the polarisation orientation of the excitation laser and (ii) higher spectral 
resolution to resolve all Q i(J)-branch lines. A schematic summary of the measurement 
setups is shown in figure 6 .6 .
6.5 .2  C hanges specific to  d ep olarisation  m easurem ents
In the depolarisation measurements of the Qi-branch of the hydrogen isotopologues the 
Acton SP500i spectrometer (see chapter 4) had its highest resolution grating selected 
(2400gr/mm), so the depolarisation ratio for the individual lines for each J value, within 
the Qi-branch, could be determined.
The polarisation orientation of the Raman excitation laser could be set (arbitrarily) 
by using a combination of a Glan-Taylor polariser and a precision (multi-order) half­
wave plate, which provides a combined, initial polarisation cleanness of the order 1.5 x 
10-4  as is verified in section 6.4. The polarisation direction can be adjusted to any 
angular orientation, using a motorised rotational assembly ( Thorlabs PRM1/M Z8 plus 
TDC001), with an overall precision and repeatability of better than 0 .2°. The positioning 
of these polarising components is selected to (i) guarantee highest maintenance of the 
polarisation and at the same time to (ii) minimise any beam walk which may occur 
during polarisation rotation; thus the half-wave plate was placed after the Glan-Taylor 
polariser. The measurements showing how the polarisation maintenance changed and 
was optimised are in section 6.4. The laser radiation is focussed into the Raman cell by 
an AR-coated plano-convex lens with f =  250 mm. To obtain the accurate polarisation 
required to measure an accurate depolarisation ratio, the half-wave plate is calibrated 
to find the maximum (vertical) and minimum (horizontal) polarisation angles. The 
procedure and measurements behind this are described in section 6.7.1.
As mentioned in chapter 3, an additional aperture (diaphragm) is inserted between 
the Raman cell and the collection lens, L2. This was done to enable the solid angle to
6.5. EXPERIMENTAL SETUP FOR DEPOLARISATION MEASUREMENTS  129
" R/ . .  
G ian polarizer Q
D P S S  la ser  
5 3 2 n m
m otorized  
XI2 p late
d iap hragm
linear polarizer
R am an  cell
T2 sa fe ty  | • [ 
enclosure : fibre b u n d le
C C D  ca mB S
ND
p ow er [ = □  
m onitor
s p e ctro m eter
e d g e  filterActon
SP500i
BBH R
c o o le d
CCD
polarization power beam detector laser
control monitor walk spectrometer control
LabVIEW - b a s e d  s y s te m  control, m onitoring an d  d a ta  acq u isition
Figure 6 .6 : Conceptual setup for Raman depolarisation measurements of hydrogen iso­
topologues. HR = high reflector; LI L5 = plano-convex lenses; BS = beam sampler; 
ND = neutral density filter; BBHR broad-band high reflector. For further details, see
text.
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be limited by the diaphragm and so it could be easily be calculated. The measurements 
to determine the required size of this aperture are included in section 6.5.4. The reasons 
behind introducing a sheet polariser into the setup have been explained in chapter 5. The 
polarisation setting of this optic was aligned so tha t vertically-linearly-polarised light 
passes through it. In the Raman notation this corresponds to a collected polarisation of 
L s. This is why the depolarisation ratio equations stated in section 6.3.1 are limited to 
only include this scattered polarisation component.
It needs to be ensured th a t during a depolarisation measurement run the laser power 
and wavelength remain stable. The reason behind this is, that to obtain the required 
high signal-to-noise ratio, for the branches tha t depolarise, the measurement time is 
fairly large (up to 1000s for the measurements in Swansea). W ith the stabilisation 
measurements shown in chapter 5, the laser power drift is minimised. However, over a 
working day it is still noticeable.
Since the precision of the Raman measurement data  (which is directly proportional 
to the laser excitation power) of the order of a few 10“ 4 was desired, the laser power 
needed to  be monitored with a similar precision. For this, a Thorlabs power meter 
(S302C/PM100A with 16-bit resolution) was used; as an alternative with faster response 
times a photodiode sensor with suitable attenuators was used.
Equally, any misalignment of the excitation volume with respect to the imaging optics 
impacts on the collected Raman light intensity; in our setup this meant th a t the pointing 
stability of the laser needed to be kept within the order of ±2 mm. The actual laser 
beam position was monitored at regular intervals by a modified CCD webcam (lens 
removed, with suitable neutral-density filter attenuation); the positioning measurement 
precision was about 1 fim. The restrictions on laser wavelength and power apply if the 
analysis m ethod involves averaging/comparing non-consecutive measurements. This is 
the case in the “partial-average” method. However, in the “pairs” analysis method 
the power stability needs to remain stable for at least 4x the exposure time. The 
“pairs” m ethod involves averaging consecutive spectra only and the “partial-average” 
method involves averaging approximately 80% of all data  multiple times. The “pairs” 
and “partial-average” analysis methods will be described in more detail in section 6.7.2.
6 .5 .3  M easu rem en t param eters
The measurement param eters in both TLK and Swansea are collated in table 6.2. The 
main considerations when acquiring the spectra to calculate the depolarisation ratios 
are
•  exposure times,
•  binning,
6.5. EXPERIMENTAL SETUP FOR DEPOLARISATION MEASUREMENTS  131
Table 6.2: Settings and parameters for the depolarisation measurements of the hydrogen 
isotopologues. For more details see text.
P a ra m e te r U n its a t  S w ansea a t  T L K
Laser (532 nm) power W 2.1 (±0.15% 
drift over 8 h)
5.0 (±0.10% 
drift over 8 h)
Laser wavelength drift 
(over 8h)
cm-1 0.5 - 1.5 0.3 - 0.8
Laser focussing lens, /  = mm 250 250
Light collection lenses, /  = mm 50 75
Distance scattering volume 
to diaphragm
mm 38 (±1) 69(±1)
Diaphragm opening, r  = mm 3 (±0.25) 5 (±0.5)
Spectral Raman resolution 
with 24Q0gr/mm grating (FWHM)
cm-1 2.3 (±0.2) 1.8 (±0.2)
Binning areas on CCD chip 3 5
Acquisition order repetitive 
2xmax /  2xmin
repetitive 
2xmax /  2xmin
• stepping of polarisation direction over 180° range to determine the minimum and 
maximum angles (only needs to be done once),
• and Min-Max measurements.
These will be considered individually.
E x p o su re  tim e  The detector exposure times were chosen for each measurement to 
maximise the intensity of the ± l-polarisation (maximum, vertical polarisation) Raman 
signal. This was achieved by viewing the most intense spectral region and adjusting the 
acquisition time until the maximum intensity was approximately 55000 counts. This is 
close to, but not exceeding, the 65535 count limit of 16 bit detectors.
B in n in g  As in all measurements in this work, the binning method is on-chip binning 
as described in chapter 5. The detector chip was split into 3 or 5 areas and binned 
internally by the detector. These values were selected to maximise the signal-to-noise 
ratio whilst enabling astigmatism correction to be performed. For more information see 
[Jam 13].
D e te rm in in g  L l- a n d  ||r-p o la r isa tio n  To determine the depolarisation ratio, the 
input laser beam needs to be set to the ±*- and ||*- laser polarisations and spectra 
need to be taken. These correspond to the maximum and minimum intensity of the 
Q-branch respectively. As has been mentioned above, a half-wave plate mounted in an
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autom ated rotation stage is used to select the polarisation of the laser beam. In each 
setup, this mount was rotated between 0 and 180° in 2° steps, where two spectra were 
taken for each angle. Plotting the Ram an signal vs. the rotation angle enables one to 
determine the angles required for the maximum and minimum intensity. To determine 
the minimum and maximum angles more accurately, the measurement is repeated where 
the angle is stepped over in steps of 0.1° around the minimum and maximum. These 
measurements only have to be performed once at each location, as these rotation angles 
of the half-wave plate can now be used directly once they are determined.
The diaphragm opening angles are set to ensure the exact solid angle is known i.e. 
the aperture is limiting the solid angle. To obtain the diaphragm opening angles stated 
in the table, test measurements need to be performed to verify how the intensity varies 
with diaphragm radius. This then needed to be related to a theoretical description to 
determine when the solid angle is limited and governed by this aperture radius. This 
will be at the point where the solid angle becomes smaller than the limiting aperture in 
the LARA setup. These measurements will now be discussed.
6 .5 .4  D iaphragm  aperture d eterm in ation
A method is required that enables the limiting solid angle of the collection side of the 
setup to  be determined for Raman scattered light. The best way of doing this would be 
to compare how one would expect the intensity of scattered light to vary with solid angle. 
In a very rough approximation, the scattering centre of Raman light can be assumed 
to be an isotropic light source. In reality, the intensity distribution is more similar to 
a dipole antenna distribution. This means that the intensity would be proportional to 
cos2(0). However, for small angles this is equal to one. This means tha t the intensity 
can be approximated as an isotropic light source and the intensity per second should 
scale with aperture radius as
which implies th a t
j  = C r 2 (6.33)
Where c and C are proportionality constants, I is the measured intensity, t  is the ac­
quisition time and r is the aperture radius. The term  j  is referred to as the normalised 
absolute intensity. Therefore, if the diaphragm radius is increased and is the only de­
vice limiting the collection angle, the normalised absolute intensity should be directly 
proportional to the radius squared. If the intensity starts to drop off sooner it means 
something else is limiting the collection angle, namely any other of the components in 
the light collection path. The KATRIN LARA collection setup is visualised in figure
6.7 top.
To obtain the da ta  to determine the required aperture size, Raman spectra were taken
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for a variety of different diaphragm radii. The normalised absolute Raman intensities 
were plotted against the collection angle. This measurement was performed at both 
TLK and Swansea. The resultant da ta  are shown in figure 6.7 bottom. The figure
shows th a t the diaphragm is the aperture th a t governs the solid angle for collection 
angles below «  4.7°, as shown by the green box in the figure. For the aperture locations 
included in table 6.2, this would correspond to an aperture radius of 3.12 mm in Swansea 
and 5.67 mm in TLK. This means tha t the selected radius at both locations was 3 mm 
in Swansea and 5 mm in TLK, as is shown in table 6.2. The observed Ram an intensity 
appears to saturate for larger angles well below th a t related to the numerical aperture of 
the fibre bundle (NA =  0.22 corresponding to «  12°). The reason for this is discussed in 
detail in chapter 5, but simply put the reason is tha t the scattered light originates along 
an extended line and is imaged onto a “slit” (fibre bundle), while the collected light is 
limited by a round aperture. This means tha t the amount of scattered light collected 
does not start to reduce until relatively small diaphragm radius (small collection angles).
6.5 .5  P re-ana lysis
The measured Raman line intensity is the area under the observed Raman line. However, 
these Raman lines sit on a non-linear background, cosmic rays are also observed by the 
CCD detector and these individual Raman lines may convolute as the line spacing 
reduces below the resolution of the measurement.
The determination of depolarisation ratios from Raman spectra measured at I 1- and 
||*-polarisation requires a quantitative analysis procedure with an as high as possible 
accuracy. A procedure was found that:
•  reduces cosmic ray events,
•  removes background distortions to a negligible amount,
•  and determined the Ram an intensity by a peak fitting technique which enables 
the use of the best approximation possible for the peak shapes and can extract 
intensities from convoluted peaks.
This procedure has been tested thoroughly on various Raman spectra and is described 
in full in appendix A .6 and in [Jaml3]. Briefly, it consists of the following steps
1. In the cosmic ray removal step, a temporal removal m ethod (TCRR) is employed 
which requires two consecutive spectra with the same experimental parameters.
2. In the baseline flattening step, the Savitzky-Golay coupled advanced rolling cir­
cle filter (SCARF) is applied twice with optimised input parameters. Since the 
SCARF produces only positive values, the baseline needs to be pulled down to 
obtain a symmetric noise distribution around the zero line.
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Figure 6.7: Top: Optical and geometrical mounting components in the light collection 
path affecting the collection solid angle. Bottom: Verification of numerical aperture 
size of the optical fibre from Raman measurement; exemplified for nitrogen (TLK) and 
hydrogen (Swansea). The green box indicates the region where the aperture is limiting 
the solid angle.
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3. Intensity determination is performed by the peak fitting routine ShapeFit, which 
is applied on each of the peaks corresponding to the different rotational numbers.
These lead to an output line intensity for the different rotational numbers within the 
Qi-branch for each pair of spectra.
6.6 F irst depolarisation  m easurem ents o f  th e  n on-tr itita ted  
hydrogen isotopologues
The early depolarisation measurements of the non-tritiated hydrogen isotopologues are 
included in Alshahrie [Alsll]. These measurements will be summarised highlighting the 
problem of the lower cleanness of the two pass measurement using the Swansea LARA
6.6 .1  M easu rem en t proced u re
W ith the introduction of the gas mixing system in Swansea [A lsll](and appendix A.2), 
mixtures of H2, HD and D2 could be made. It also enabled pure fillings of the cell w ith 
approximately 1 bar of either H2 or D2. Depolarisation measurements of the Qi-branch 
of H2, HD and D2 were performed using the high resolution grating (2400gr/mm) of 
the SP500 spectrometer centred at the appropriate wavelength. In this experimental 
method, the half-wave plate was rotated in 4° steps over a  260° range to ensure th a t 
at least one maximum and one minimum intensity was recorded. Measurements were 
performed with 2 passes of the laser beam through the cell to  increase the sensitivity by 
approximately a factor of 2 (as shown in chapter 5). The acquisition time was 6 x 150 s. 
The other experimental param eters were the same as for the Swansea setup described 
in section 6.5.3 above.
Before the measured intensity can be extracted cosmic rays and the spectral back­
ground need to be removed. The routines used to do this are described in appendix 
A.6 . The intensity is taken from a multi curve Gaussian fit and is the area under each 
individual curve. The intensity is then plotted vs. the half-wave plate rotation angle to 
produce a full sinusoidal relationship.
As full sinusoidal curves are recorded, the depolarisation ratio pQbs is calculated by 
fitting a sin2-curve to the measured intensity vs. half-wave plate angle of the form
Where I is the peak intensity and h is the half-wave plate angle. The depolarisation 
ratio is then
cell.
/  =  ?/o +  A ( s i n 2 (7 r (h  -  xc) j w ) ) (6.34)
(6.35)
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Figure 6.8: Raman signal (peak area) variation of selected Q] -branch lines of D2 with 
respect to the half-wave plate angle. The red curves are the sinusoidal fits used to 
determine pQbs
An example of the measured sinusoidal intensity curves for the Q \-branch of hydrogen 
are shown in figure 6.8.
6 .6 .2  R e su lts
The resultant measured depolarisation ratios of the Q \-branch of H 2 , HD and D 2 are 
shown in table 6.3 along with the corresponding Psposa-theory 1 based 011 matrix elements 
calculated by LeRoy [Roy 12].
The table shows that the measured values are substantially larger than the theory 
values. If a crude approximation is performed where the integral terms are removed from 
equation (6.3) for the J  = 0 depolarisation ratio i.e. assume there is no solid angle and
6.6. 1ST DEPOLARISATION MEASUREMENTS  137
Table 6.3: Measured depolarisation ratios of the Q\ branches of H 2 , HD and D2
Iso to p o lo g u e B ra n c h Pobs PSP0SA —theory [Hoyl2]
d 2 Qi(o) 0.08433 0
d 2 Q i ( i ) 0.1027 0.01764
d 2 Q  1 (2 ) 0.09641 0.01272
d 2 Qi(3) 0.09702 0.01194
h 2 Q i(0 ) 0.08022 0
h 2 Q i ( i ) 0.1057 0.01830
h 2 <51(2) 0.09782 0.01324
H  2 Qi(3) 0.09837 0.01248
HD < 3 i ( 0 ) 0.0946 0
HD Q i ( i ) 0.1701 0.01800
HD Q 1(2 ) 0.1461 0.01300
HD «i(3 ) 0.1465 0.01223
the cleanness is set to 4 =  1. Then for pcaic — 0 this implies that substituting
this back into equation (6.3) would lead too
_ .. ( 1 - « ) B  1 - 4Pcalc c rj c (6.36)4 #  4
which implies that
« =  ----- (6.37)
1 +  Pcalc
Substituting in one of the measured values from table 6.3 for pcaic e.g. p,/=o,D2 — 0.08433 
leads to
4      =  0.9222 (6.38)
s 1 +  0.08433 v ’
This is considerably worse than expected for a clean beam entering the cell window.
On closer inspection of the cell windows, it was noticed that the cell window where 
the laser beam enters on the first pass had some dirt and a small amount of damage to 
the coating. This could cause the disturbance of polarisation to be higher than expected. 
To test this theory the cell was rotated by 180°, so the laser beam entered the other cell 
window first. A quick check of the depolarisation ratio was performed, with one and 
two passes of the laser beam through the cell for the iq-branch of methane (see chapter 
7 for information on Raman spectroscopy of methane) by looking at the maximum and 
minimum spectra only. The spectra had the background and cosmic rays removed and 
are shown in figure 6.9. From these spectra the depolarisation ratio for each can be
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Figure 6.9: I ±i and 11|; v\ Raman spectra of methane when the cell is flipped 180° with 
1 and 2  passes of the laser beam through the cell.
calculated, which leads to
P o b s - ip a s s  = 0.0329 (6.39)
P o b s-2 p a ss = 0.111 (6.40)
The observed depolarisation ratio for the double-pass measurement is much larger than 
the single pass. This implies that the cleanness of the beam after it has passed through
the second window is considerably lower due to the damage. Therefore, for all future de­
polarisation measurements using this cell in Swansea, the cell will remain in the “flipped” 
orientation and 1 pass of the laser beam will be used, as a high polarisation cleanness 
is needed for accurate measurements of the depolarisation ratio.
The potential effect reduced beam cleanness has on the measured depolarisation ratios 
has been observed. The laser beam now has a high beam cleanness so the complete 
depolarisation measurements of all six hydrogen isotopologues will be discussed in the 
next sections.
6.7 D epolarisation  m easurem ents of the Q-branch of the  
six hydrogen isotopologues
The complete depolarisation measurements of all six hydrogen isotopologues have been 
performed, including the tritiated species T 2 , DT and I1T. The analysis procedure using 
the model derived above, in section 6.3, enables a comparison with the literature values 
of LeRoy [Royl2] and previous measurements of the non-tritiated isotopologues. The 
overview raw spectrum in figure 6 . 1 0  (top) shows the Qi-branches of all hydrogen iso­
topologues and additional Oi- and Si-branches for both states of excitation polarisation.
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Figure 6.10: Raman spectra (for both _L? and \\l excitation polarization) of an equili­
brated mixture of T 2 and H2 , utilised in the depolarisation measurements; a small impu­
rity of D2 means that all six hydrogen isotopologues are observed in the mixture. Upper 
panel low resolution (600gr/nnn) with relevant Oi-, Qi- and Si-branch lines annotated; 
lower panels high resolution (2400gr/mm) spectra for the J-resolved Qi-branc,hes of T 2 
(left) and HT (right). The (green) diamond symbols indicate polarisation-independent 
lines from stray ambient light. For further details see text.
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6.7.1 M ax  a n d  m in  d e te rm in a tio n
As mentioned in section 6.5, a half-wave plate is used to select the polarisation of 
the incident laser beam. As only the _L? and ||* states of polarisation are required to 
perform depolarisation measurements, the wave plate rotation angle that corresponds to 
these polarisation states needs to be determined only once, then the automated rotation 
mount can be rotated to these two locations for repeat measurements. The angles are 
determined by recording high resolution spectra for subsequent wave plate angles and 
fitting a sin2 function to the acquired Qi-branch line intensities (see figure 6.11 for curve 
for HT). The angles are extracted from the maximum and minimum values of this fit. 
For a higher accuracy, the step size was reduced and the angle rotation steps were only 
performed around the maximum and minimum intensity.
polarization direction of laser excitation I degree
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Figure 6.11: Dependence of the Raman signal of the J  =  0 (black symbols) and J  =
1 (red symbols) Qi-branch lines of HT, as a function of excitation polarisation; T* 
=  excitation laser polarisation vertical to the excitation-observation plane (maximum 
Raman signal); |p =  excitation laser polarisation horizontal to the excitation-observation 
plane (minimum Raman signal). For clarity of the minima, the (normalised) data are 
shown on a logarithmic intensity scale. The solid lines are sin2-function fits to the data 
points. For further details see text.
After the angles for the _L* and ||l states were determined, between 29 and 600 sets of
2 _Ll and 2 ||l high-resolution spectra were acquired for each isotopologue. Depending 
on the gas pressure in the cell, the acquisition times were set between 300 s and 1000 s 
to maximise the line intensities without saturating the CCD detector in use. The dif­
ferent depolarisation ratios of the individual Qi-branch lines already become evident in 
figure 6.11 as a change of the minimum intensity in the ||*-polarisation state. However, 
as described above, further corrections have to be applied to the data to extract the
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depolarisation ratios, as the J  =  0 line does not decrease to zero for ||*-polarisation, 
contrary to theoretical expectations.
6 .7 .2  S p e c tra l  an a ly s is
The measured intensities are extracted using the method described in section 6.5.5. 
Large sets of repeat measurements for both polarisation states have been taken to im­
prove statistics.
When using intensities extracted from spectra, minimising noise as efficiently as possi­
ble improves the accuracy of the extracted values. In the given case of the depolarisation 
ratio analysis at the minimum intensity, a low signal-to-noise ratio can result in a rather 
random intensity extraction which is influenced by the noise in the data. Therefore, it is 
useful to measure a full set of spectra and average all pixel wise in order reduce the ran­
dom noise significantly. Howrever, due to this process, some of the statistical information 
on the data is lost in the single averaged resulting spectrum. There are two proposed 
methods to circumvent this problem, the “pairs” method or the “partial averaging” 
method. The pairs method is a post intensity extraction averaging method, whereas the 
partial averaging method is a pre intensity extraction method. The procedures behind 
these methods are described below.
P a irs  m e th o d
As pairs of spectra are required for the cosmic ray removal routine TCRR, the simplest 
analysis method is to calculate individual depolarisation ratios for each pair of maximum 
and minimum spectra. This is visualised in figure 6.12. The figure shows that, for each
Max I 
Min I
P l 2 = P 2 P 2 3  =  P 4
19 l i l iiifli
P n  = P i
P 22 ~  P 3
P nn =  P2N-1
Figure 6.12: Diagram showing how the pairs analysis works. For details see text.
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consecutive maximum and minimum pair, a depolarisation ratio is calculated as
P l l  =
Ln'm l
T =  Pi
P \2  =
J m axl 
I  m ini 
I  max2
=  P2
P22 =
Anin2
=  Ps
P23 =
-*max2 
I  min2 
Anax3
=  PA
I  minN
P N N  =  =  P 2 N - 1  (6-41)
J- maxN
Then the observed depolarisation ratio pGbs is
P ll  +  P l2  +  P22 +  P23 +  • • • +  P N N  Ans
Pobs = --------------------- 2 N  _ 1------------------------------------  (6.42)
The uncertainty in the measured value is calculated from the standard deviation as
SDPobs = 1 : 2 N  -  1i= 1
s n
(6'44)
This averages the depolarisation ratio over the large samples of data and is valid if the 
laser power is stable for at least 3x the individual accumulation time. If the sets of two 
L l and two ||l high-resolution spectra increase and the laser power is stable over a longer 
period of time (as is the case here) another analysis method, with a reduced noise, can 
be implemented, the partial averaging method.
P a r t ia l  a v e ra g in g  m e th o d
The second analysis method involves ” partial averaging” of the data. It combines the 
advantages of good statistics (which are offered by a set of many single measurements) 
and low spectral noise of an average spectrum (which is beneficial for the accuracy of 
intensity extraction). The concept of the partial averaging is visualised in figure 6.13. 
Generally, about 80% of the single spectra are randomly selected. Then, a pixel-wise 
average spectrum is generated from these selected spectra. This process is repeated 
until the number of generated average spectra is about 80% of the total number of 
single spectra. ShapeFit (see appendix A.6) is then used to extract the peak intensities 
from the partial averaged data set as described above. The same analysis as described 
in the pairs method is then performed on the data. However, the uncertainty in the
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Figure 6.13: Diagram showing the concept of partial averaging analysis. For details see 
text.
depolarisation ratio pQbs is taken as the standard deviation of the intensities. The reason 
behind this is that the averaging over all the data has already been applied, so it would 
be unrealistic to reduce the uncertainty by a factor of the arbitrarily (user chosen) 
number of partial averaged data sets.
6 .7 .3  O b se rv e d  d e p o la r is a tio n  ra tio s
The analysis methods described in section 6.7.2 have been applied to sets of depolari­
sation measurements taken from four separate cells (3 in TLK and 1 in Swansea). The 
cell fillings were as follows
• TLK LARA cell 1, total pressure of 763.1 mbar consisting of H2 : 25%, HT: 46%, 
T 2 : 26% and Rest (HD and D2 ) :3%
• TLK LARA cell 2, total pressure of 400mbar consisting of D2 : 15%, DT: 47%, 
T2 : 34% and Rest (HD and HT) :4%
• TLK LARA cell 3, total pressure of 1500mbar consisting of H2 : 26.3%, HD: 
47.4%, D2 : 26.3%
• Swansea LARA cell, filled twice; first filling 900 mbar H2 : 100%; second filling 
870 mbar D2 : 100%
The values of p0bs obtained for the three cells are collated in table 6.4. The table 
shows that, for each cell, the measured values are quite different. This is due to the 
different stress induced birefringence in the cell windows, which leads to a different laser 
beam cleanness, £. One other point to note is that as the isotopic mass increases, the 
spacing between the individual lines in the Qi-branch reduces. This means that for 
tritium the J  =  0 line is very convoluted with the J  =  1 line. This can be seen in 
the measured Raman spectrum of tritium in the bottom left of figure 6.10, above. This 
means that the accuracy of the measured J  =  0 depolarisation ratio is lower.
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Table 6.4: Observed depolarisation ratios of the Qi-branehes of H2 , HT and T 2 using 
TLK LARA cell 1; D2 and DT using TLK LARA cell 2; and H2 , HD and D2 using 
the Swansea LARA cell and TLK LARA cell 3. Error in brackets in the last digit. * 
indicates underlying contaminant feature, discard from analysis.
Pobs
TLK LARA cell 1 
Iso to p o lo g u e
Pobs
TLK LARA cell 2 
Iso to p o lo g u e
J h 2 HT t 2 d 2 DT
0 0.00639(4) 0.00601(3) 0.00339(24) 0.02279(4) 0.02291(5)
1 0.02408(2) 0.02331(3) 0.02251(7) 0.04075(7) 0.03989(3)
2 0.01971(5) 0.01864(3) 0.01794(5) 0.03607(2) 0.03518(3)
3 0.01923(7) 0.01822(3) 0.01716(4) 0.12850(8)* 0.03564(4)
4 0.01854(9) 0.01642(7) 0.03367(9) 0.03442(7)
5 0.02101(37) 0.01733(10) 0.03658(55) 0.03592(17)
6 0.01756(31) 0.06829(110) 0.03554(44)
7 0.02163(42)
Pobs
TLK LARA cell 3 
Iso to p o lo g u e
Pobs 
Swansea cell 
Iso to p o lo g u e
J h 2 HD d 2 h 2 d 2
0 0.01048(4) 0.01152(1) 0.01137(2) 0.00182(16) 0.00186(7)
1 0.02846(2) 0.02917(3) 0.02880(2) 0.02124(5)) 0.02033(7)
2 0.02526(4) 0.02415(2) 0.02312(1) 0.01561(16) 0.01516(4)
3 0.02341(5) 0.02358(3) 0.02252(3) 0.01487 (22) 0.01463(10)
4 0.02236(4) 0.01383(16)
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To enable a comparison between the observed depolarisation ratios pDbs and the liter­
ature values, the correction procedure discussed in section 6.3 needs to be implemented. 
The integration is performed in a C + +  and ROOT libraries ([ROO]) routine called 
DepolTools [Schl2a]. The routine is described and implemented on the observed depo­
larisation ratios of the hydrogen isotopologues, in the next section.
6 .7 .4  C orrection  m eth o d
The procedure to correct the observed depolarisation ratios, so that they can be com­
pared with the SPOSA depolarisation ratios in the literature, occurs in two stages.
Firstly, the cleanness, £, is determined using a theoretically known depolarisation 
ratio and the measured value for th a t line. The program does this for the specified solid 
angle by calculating what the observed depolarisation ratio would be (pCaic) for & range 
of cleanness values £. The output pCaic are fitted against the corresponding cleanness £ 
(see top panel of figure 6.14). This fit is then used to determine what the cleanness of the 
cell is, using the observed value corresponding to the theoretically known depolarisation 
ratio.
Secondly, the determined cell cleanness is input into the program to convert the 
observed depolarisation ratios, pQbs, of the other lines to the corrected depolarisation 
ratios psPO SA-cor (see bottom  panel of figure 6.14).
In the case of the Qi-branches of the hydrogen isotopologues the theoretically known 
depolarisation ratio is the J  = 0 line, which has a SPOSA depolarisation ratio of 
P s p o s a  {.J — 0) =  0 as can be seen in table 6.7. The reason this value is zero is the 
vanishing Placzek-Teller factor when J  =  0.
The input param eters required to define the solid angle in the program are: the 
distance from the scattering volume to diaphragm Xj\ diaphragm opening radius ry; 
LARA cell window radius rw and the distance from the scattering volume to the LARA 
cell window x w. The design of all cells is the same as described in chapter 4 and have 
the following parameters: rw = 3.5 mm and x w =  8.8 mm; in the setups in TLK and 
Swansea Xf  and r f  are different. The values are included in table 6.2 above.
6.7 .5  C on sid era tion  o f  u n certa in ty  in  correction  m eth od
To enable a comparison between the corrected depolarisation ratios p sp o S A -co r  with the 
SPOSA ratios of LeRoy, the uncertainties of the measurement and correction need to 
be considered. The first source of error comes from the uncertainties in the observed 
depolarisation ratios. These values are used as inputs into the correction procedure in 
two locations. Firstly, the p0bs(«  ^ =  0) values are used to determine the cleanness, £, in 
the cleanness fit. The uncertainty in these measured values needs to be propagated onto 
the cleanness to give a cleanness uncertainty, A£. This is achieved by mapping an array
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STEP 1
Input Measurement Output
J " = 0
1.000
0 . 9 9 5  -
0 . 9 9 0  -
0 . 9 8 5
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Beam
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Geometry
Model
0 . 0 0 0  0 . 0 0 5  0 . 0 1 0  0 . 0 1 5  0 . 0 2 0
o b s e rv e d
STEP 2
Input Measurement Output
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Beam
cleanness
0.020 —j
J " = 1
0 . 0 1 5 - J"=2
.'v l x z x x
J"=30.010  -
0 . 0 0 5  -
0.000 -I
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p
'o b s e rv e d
Figure 6.14: Two-step procedure to extract depolarisation values P s p o s a  from data sets 
with unclean beam polarisation. Step 1 - Determination of cleanness of the laser polar­
isation. The theoretical data (full line) are calculated for a known collection geometry 
and a known SPOSA depolarisation ratio P s p o s a  {J — 0) = 0. From the observed depo­
larisation ratio of the Q \(J  =  0) line one derives the related polarisation cleanness £• 
Step 2 - Correction of depolarisation ratios of all measured Q \-branch lines, for a given 
polarisation cleanness. The polarisation cleanness derived in step 1 is used to correlate 
the p0bs to the p s p o s a  values of all Q \-branch lines with J > 0.
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of statistically weighted cleanness values across the cleanness fit. This is demonstrated 
in figure 6.15. The cleanness values, £{x), are calculated from p0hs(^ = 0) + x  where x is
..m easu red  (J=0) v s .  c le a n n e s s  o f in c id en t beam  | 0 .827 ± 0.007666
-0 .9927 ± 0 .0 0 1 0 4 5
1.001± 3 .1 18e-05
0.02 0 .0 4 - a  p + o 0.0 8 0.1 0.12 
p _ m e a su r e d  (J= 0)
Figure 6.15: Calculation of cleanness array from pQbs{J =  0) and tj(p0bs{J — 0))
varied from —O ■ • ■ (j{p0bs(J =  0)) to +O • • • cr(p0bs{J =  0)) in n steps. The parameters 
O and n are used to define a grid that the uncertainty is calculated over. O is defined 
by the number of standard deviations of the most outer points of the “cleanness plot” 
and n is defined by the number of points to be used in the calculation. For more details 
see Schlosser [Schl3]. The statistical weight Pdeanness^) is calculated from the Gaussian 
distribution
Pcleanness^) —
1 - l l —r___________
g  2  '  <7(po b s ( J = 0 ) )
 \2
0 0  > (6.45)
° ( p o b s ( J  =  0 ) ) V 2 tt
The next step is, instead of using an individual cell cleanness value, £, as the input 
to convert the observed p0bs{J > 0) to the corrected pspoSA-cor(-^ > 0), this conversion 
is performed for all the cleanness values in the cleanness array £(x) and a “graph” is 
generated for each value. Each of these “graphs” is fitted with a second order polynomial 
to relate p0bs(^ > 0) to pspoSA-cor(<  ^ > 0) for each £(x).
To statistically weight the corrected depolarisation ratios, the statistical weight of the 
cleanness in equation (6.45) for all cleanness £(x) needs to be combined with a similar 
statistical weight of the observed depolarisation ratios p0bs(^ > 0) using the uncertainty 
&{Pobs{J > 0)). This is done by generating a statistical weight pQbs, which has the same 
form as equation (6.45), where all instances of p0bs(^ =  0) are replaced with p0bs(^ > 0)- 
The statistical weights are then multiplied together to give a final statistical weight for 
the corrected depolarisation ratios. This is the general rule to combine independent 
probabilities of two events [Dro07].
The final step involves determining the values of pQbs{J > 0) that lie within a lcr
148 CHAPTER 6. DEPOLARISATION MEASUREMENTS I
confidence level. The method for doing this is described in Schlosser [Schl3] or James et 
al [Jaml2a]. The maximum and minimum corrected values, psPOSA-cor^ >  0), within 
this confidence level plot are then used as the uncertainty Apanaiysis (i.e. uncertainty is
m ax—min \
2 r
There are other sources of error in the correction procedure tha t need to be considered, 
namely: the accuracy of determining the dimensions of the geometry and accuracy of 
the correction in terms of polarisation aberrations (see section 6.4). These will now be 
discussed.
The uncertainties in the geometry stem from how accurately the parameters used to 
define the geometry (see section 6.7.4) have been measured. The LARA cell window 
radius and the distance from the scattering volume to the LARA cell window are ob­
tained from the technical drawings (see chapter 4). The distance from the scattering 
volume to the diaphragm is measured using methods that have a fairly low accuracy 
(±1 to 2 mm). The diaphragm radius is determined from either graduations on the 
diaphragm in the Swansea setup or a calliper rule in the TLK setups. The uncertainty 
of this measurement is approximately ±0.5 mm.
As the aperture radius and diaphragm distance are independent of each other, these 
uncertainties are considered separately as Apr and A px respectively. Several simulations 
have been performed using the correction routine, where the input parameters are varied. 
The diaphragm distance was varied by A x  = 4 mm, which resulted in a shift of A px =
0.0002. The accuracy of the distance measurement should be better than this. Therefore, 
for all measurements, it is assumed that the maximum uncertainty of the depolarisation 
ratio caused by diaphragm distance is A px = 0 .0001.
The diaphragm radius was varied by A r =  1 mm, which is the maximum assumed un­
certainty in the diaphragm radius. This resulted in an uncertainty in the depolarisation 
ratio caused by the diaphragm radius of approximately A px = 0.0005.
In the polarisation aberration discussion in section 6.4.7, it became clear tha t the 
effect on the beam cleanness caused by the laser window is 1 to 2 orders of magni­
tude higher than the collection window effect [for aperture radii of r j  «  3 mm for the 
Swansea aperture location ( x f  = 38 mm)] assuming tha t the Jones/Miiller formalism 
described in section 6.4 is correct. This means that the collection window effect may be 
neglected, leading to a small error in the depolarisation ratio, caused by the uncertainty 
in the collection window effect. Observing figure 6.5 at a light collection angle of 4°, 
the geometry only calculation gives a depolarisation ratio of 0.0015, whereas including 
the collection path in the calculation increases the value to approximately 0.002. The 
difference between these two values is 0.0005. This difference quantifies the potential 
underestimation of the correction, if the collection path  aberrations are neglected and 
the cleanness reduction caused by the collection window is very high. Therefore, it is 
the uncertainty in this case. However, in real measurements the maximum observed
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reduction in cleanness is approximately £ =  0.95. This is halfway between the value 
used in figure 6.5 and a cleanness of 1. Therefore, one can assume that the depolarisa­
tion ratio increase caused by the collection window is approximately half of tha t shown 
above i.e. 0.0005/2 =  0.00025. This uncertainty would still be an absolute upper limit 
of any aberration th a t has been observed in measurements. Therefore, the value can be 
reduced to 0.0002 giving a reasonable approximation of the theoretical uncertainty and 
bringing the cleanness value closer to tha t observed in measurements. Therefore, this is 
set to  A/?theo ~  0 .0002.
These uncertainties then need to be combined to give the total uncertainty in the 
corrected depolarisation ratios ApspoSA-cor(^)- It is usually reasonable to  add uncer­
tainties in quadrature [Dro07], which gives
A/OSPOSA —cor (J ) = A P% + AP? +  “V L o  +  A nalysis (6'46)
This uncertainty is calculated for all the corrected depolarisation ratios and included in 
the results discussion below.
A point to note, from this uncertainty discussion, is that the resultant uncertainty in 
the corrected depolarisation ratio ApsP0SA-cor(<7) is dominated by inaccuracies in the 
geometrical measurements, rather than the spectral intensity data. This will lead to  a 
higher uncertainty in the corrected values by approximately an order of magnitude over 
the measured uncertainties stated in table 6.4.
6 .7 .6  R esu lts
Before the final results are discussed, the measured cleanness values were compared for 
the data  sets from the four different LARA cells used for the depolarisation measure­
ments. The measured cleanness values for all the cells in use from the first correction 
step are shown in figure 6.16. The different colours correspond to the four different cells, 
as described above, and these are the cleanness values calculated from the measured de­
polarisation ratios of the Q i(J =  0) lines in table 6.4; comparing the labelling in the 
figure with these tables shows which data  corresponds to which cell. The figure shows 
tha t the values derived for the same cell are very close together. The variation within 
the same cell is of the order <5£ < 0 .001, with relative uncertainties for individual mea­
surements of less th a t 0.1%. The error bars in the figure, resulting from the uncertainty 
discussion above, are smaller than  the symbol size.
The results clearly demonstrate tha t different cells lead to different beam cleanness, 
caused by the stress induced birefringence in the windows, which can be measured using 
this method. In the green data  points (Swansea LARA cell) the cell was removed 
and replaced between fillings of the pure mixtures of D2 and H2. This shows th a t 
repositioning of the cell may introduce, in general, only minor deviations associated
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Figure 6.16: Polarisation cleanness of measurement cells, as determined in Step 1 of the 
evaluation procedure. The statistical measurement errors are within the symbol size. 
For further details see text.
with spatial inhomogeneity of the stress-induced birefringence. It also shows that the 
beam polarisation cleanness is largely independent of the gas filling.
With the cleanness values determined, these are used in the second step of the cor­
rection procedure as part of the cleanness array, £ ( x ) ,  to determine P s p o s a -c o r  from the 
observed values for J" > 0 for all six hydrogen isotopologues, along with the resultant 
uncertainties.
For demonstration purposes, one corrected depolarisation data set, for each isotopo­
logue, has been selected. The corrected depolarisation ratios of the six hydrogen iso­
topologues are collated in table 6.5. The analysis has been performed on all data sets, 
as they will be used in the comparison with literature and accuracy discussions in sec­
tion 6.7.7. The corrected values of these are shown in appendix A.4.2. If the corrected 
J  =  0 depolarisation ratios in the table are compared with the relevant observed values 
in table 6.4, even though the observed uncorrected depolarisation ratio for the J  = 0 
line vary by nearly an order of magnitude (between 0.00339 and 0.02291), the corrected 
values are all at the theoretically expected value of zero within the \a  uncertainty. The 
uncertainty in the corrected J  — 0 values is included as it gives an indication of the 
upper limit of deviation from the theoretically expected zero-value. As stated above in 
the uncertainty discussion the resultant uncertainty is dominated by inaccuracies in the 
geometry determination rather than the spectral intensity data with a deviation of the 
order of 5 x 10~4. The exception is the T 2 value where the corrected value is not zero 
and the uncertainty 011 the value is quite large. This is a consequence of the fact that 
the J  =  0 and J  — 1 lines of its Qi-branch cannot be fully decovoluted by the peak 
fitting routine. This greatly influences the measured intensity of the weak ||' coinpo-
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Table 6.5: Experimentally derived (corrected) depolarisation ratios for Qi(J"  > 1) of 
all hydrogen isotopologues, for A =  532 nm laser excitation. The errors in the last digit 
are given in brackets. from different da ta  set. * approaching noise level.
PSpOSA—cor 
Iso to p o lo g u e
J h 2 HD HT d 2 DT t 2
0 0 .0000(6) 0.0000(5) 0 .0000(6) 0.0000(5) 0 .0000(6) -0.0030(100)
1 0.0177(6) 0.0177(6) 0.0173(6) 0.0174(6) 0.0170(6) 0.0165(6)
2 0.0133(6) 0.0126(6) 0.0126(6) 0.0118(6) 0.0123(6) 0.0119(6)
3 0.0128(6) 0 .0121(6 ) 0 .0122(6) 0.0112(4) 0.0127(6) 0 .0112(6)
4 0.0125(6) 0.0113(7)^ 0.0115(6) 0.0104(6)
5 0.0138(10)(a) * 0.0130(6) * 0.0113(6)
6 0.0126(9) * 0.0116(7)
nent. However, this uncertainty is larger than the difference from zero so the value is 
still consistent, i.e. within the experimental uncertainty.
Another comment th a t can be made about the data  in table 6.5 is th a t the number 
of tabulated rotational levels varies for each isotopologue. Spectral lines measured for 
the A.1 polarisation can normally be measured to higher J-values than those tabulated. 
However, as the Qi-branch depolarises the intensity of the ||l polarisation becomes too 
small to extract intensities, with a high enough signal-to-noise ratio, for those rotational 
levels with about E j > 0.25 eV. At room tem perature, these levels carry less than 0.5% 
of the population compared to  the most populated ones. The effect this has can be 
dem onstrated by considering the Ram an spectrum of T 2 in figure 6.10. Observing the 
_L1 polarisation, the J  = 9 line can still be observed above the noise, whereas for the ||z 
polarisation, the J  =  6,7  lines are barely measurable above the noise. This leads to  a 
break-off in the extent of the depolarisation ratio measurement, which differs for each 
isotopologue as the lines approach, or go below, the noise limit.
The depolarisation ratio of hydrogen has been measured previously in the literature by 
several different groups ([Hol73], [Yu07]). For comparison purposes in the next section 
table 6.8 collates the depolarisation ratio of hydrogen, described above, with other values 
in the literature ([Yu07], [Hol73] and [Royl2])
The reproducibility of the correction procedure to obtain psposa-cor can also be deter­
mined by comparing repeat measurements of the Qi-lines of H2. The measurements were 
performed at different times, different cell pressures, with different filling compositions 
and with different cells. Using the different cells meant tha t the stress induced birefrin­
gence in the cell windows, and hence the laser beam cleanness for each measurement, was 
different. Two of the measurements were performed at TLK (blue and black data  points) 
and one at Swansea (green data  points). The limiting diaphragm (aperture) at the two
152 CHAPTER 6. DEPOLARISATION MEASUREMENTS I
Table 6 .6 : Performance demonstration of the depolarisation ratio correction routine for 
different cells. The presented values (observed and corrected) are from measurements 
of the Qi-branch lines of H2 (in brackets: measurement uncertainty) where the utilised 
cell is indicated. The averaged SPOSA values (in brackets: standard deviation in the 
last digit) are compared to the theoretical values from LeRoy [Roy 12].
h 2 Pobs
J TLK I Swansea TLK III
1 .02408(2) .02124(5) .02846(4)
2 .01971(5) .01561(16) .02526(4)
3 .01923(7) .01487(22) .02341(5)
h 2 P S p O S A —cor PLeRoy
J TLK I Swansea TLK III average theory
1 .0177(6) .0190(9) .0180(6) .0182(7) .0183
2 .0133(6) .0141(9) .0148(6) .0141(7) .0132
3 .0128(6) .0133(15) .0129(6) .0130(6) .0125
sites was at a different location with a different diaphragm (aperture) radius. However, 
this is taken into account by the correct parameterisation and input of the geometry 
input parameters, as described above in section 6.7.4. The measured beam cleanness 
for the three measurements are shown in figure 6.16 (data points with the H2 label). 
The extracted cleanness values for the hydrogen data from the figure are £blue =  0.9950, 
£green =  0.9995 and £black =  0.9899, respectively. The resultant corrected depolarisa­
tion ratios for these measurements are collated in table 6 .6 . The averaged values of the 
corrected pspO SA-cor have a statistical variance of A pspO SA -cor < 0.001. Considering 
that the observed depolarisation ratios are spread over a much larger range, this shows 
that our correction routine is capable of compensating for the large variations in the 
beam cleanness, leading to large variations in the observed depolarisation ratios. The 
corrected values also virtually all agree, within the statistical reproducibility, with the 
theoretical values of LeRoy [Roy 12]. This comparison will be discussed in more detail, 
for all the data  sets of the depolarisation ratios of the hydrogen isotopologues, in the 
next section.
6 .7 .7  C om parison  w ith  literature
To verify the confidence we can place on the theoretical polarisability tensors of LeRoy 
[Roy 12] the corrected experimental depolarisation ratios need to be compared with these 
theoretical values (collated in table 6.7). In the uncertainty discussion in section 6.7.5 
all the uncertainties have been treated as la  values. This means that, from Gaussian 
distributed uncertainties, 68% of the measured data points should be in the range of 
the quoted error [StrOl]. If this consideration follows for all the measured isotopologues
6.7. DEPOLARISATION MEASUREMENTS Q-BRANCH  153
Table 6.7: Theoretical depolarisation ratios of the Q i -branches of all six hydrogen iso­
topologues
PLeRoy
Iso to p o lo g u e
J h 2 HD HT d 2 DT t 2
0 0 0 0 0 0 0
1 0.0183 0.0180 0.0179 0.0176 0.0175 0.0174
2 0.0132 0.0130 0.0129 0.0127 0.0126 0.0125
3 0.0125 0.0122 0.0121 0.0119 0.0118 0.0117
4 0.0123 0.0120 0.0119 0.0117 0.0116 0.0115
5 0.0123 0.0120 0.0119 0.0116 0.0115 0.0114
6 0.0124 0.0121 0.0119 0.0117 0.0115 0.0114
7 0.0126 0.0122 0.0120 0.0117 0.0116 0.0114
8 0.0129 0.0124 0.0122 0.0118 0.0116 0.0115
9 0.0131 0.0126 0.0124 0.0120 0.0117 0.0115
and we wish to state  th a t the measured corrected depolarisation ratios agree with the 
theory, 68% of the corrected depolarisation ratios should be within the lcr uncertainty 
of the depolarisation measurements. If this is the case, we can state tha t the measured 
values agree with the theory to a lcr confidence level.
A method of verifying this is to calculate the depolarisation ratio difference (LeRoy 
- measured) normalised to  the standard deviation, cr, for each measured depolarisation 
ratio. This is labelled as F^, which is
jp   PLeRoy — PSPOSA—cor
0" ( p s p o s a  —cor)
If a statistical histogram is created of these values and fitted with a Gaussian function, 
the resulting fit width gives an indication of the confidence level of the measured data
i.e. a fit width of a = 1 corresponds to a lcr confidence level.
The statistical histogram of F^, for all the measured corrected depolarisation ratios, is 
shown in figure 6.17. The histogram in the figure has been fitted with a Gaussian func­
tion, as described above, and the Gaussian function has a fit width of a = 1.19 ±  0.08. 
This is in reasonably good agreement with the expected value a  =  1; meaning th a t the 
corrected depolarisation ratios of the hydrogen isotopologues agree with the theoretical 
values of LeRoy to a \ o  confidence level. This means that, in future calibration measure­
ments of the LARA system ([Rupl2] and [Schl2b]), the theoretical values of LeRoy can 
be used as input param eters in the line strength function with the lcr uncertainties of 
the depolarisation ratio  measurements propagated through to the polarisability tensors. 
This will not be considered further here, but the discussion is included in Schlosser et 
al [Schl2b].
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Figure 6.17: Statistical plot of PLeJt(<JSPo^~SA^ c°I • The histogram has been fitted with a 
Gaussian function with a fit width a = 1.19 ±  0.08. This is in good agreement with the 
expected value of a =  1. For further details see text.
Table 6.8: Comparison of experimental and theoretical depolarisation ratios for Qi(J) 
of hydrogen, H2 , for A =  53211111 laser excitation. The errors (where applicable) in the 
last digit are given in brackets.
J PSpOSA—cor P lit-Y u Plit — Holzer Plit Plit Plit —LeRoy—532 nm
0 0.0000(6) 0.002(2) 0.001(1) 0 0 0
1 0.0177(6) 0.021(2) 0.019(1) 0.0183
2 0.0133(6) 0.015(2) 0.014(1) 0.0132
3 0.0128(6) 0.014(2) 0.0135(10) 0.0124
4 0.013(5) 0.0123
5 0.0123
6 0.0124
7 0.0126
8 0.0129
9 0.0131
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To further reinforce the improvement in the measurement technique, further compar­
isons with literature values can be considered. In the literature, several groups have 
measured the depolarisation ratio of hydrogen. These are collated in table 6.8, along 
with the values measured in this work. The values are compared with those of LeRoy. 
The table shows th a t the P s p o s a - cor values agree with those of LeRoy within their ex­
perimental error, whereas the values of Yu et al [Yu07] and Holzer et al [Hol73] do not. 
Also, the uncertainty of the p s p o s a - cot is lower than  the previously measured values. 
This implies tha t the measurements performed here are the most accurate to date. Also, 
to  the best of our knowledge, no depolarisation ratio measurements on the radioactive 
hydrogen isotopologues (HT, DT and T 2) are reported in the open literature. So the ex­
perimental measurement and verification of the depolarisation ratios of the radioactive 
hydrogen isotopologues has been completed successfully for the first time.
This work on the depolarisation measurements of the hydrogen isotopologues has just 
been published [Jaml2a] and [Schl2a]. The first publication discusses the depolarisation 
measurement results, whereas the second is more focussed on the correction procedure.
It should be noted tha t other groups have performed types of depolarisation mea­
surement of hydrogen ([Gol62], [Bri64], [Car72]). Even though these measurements are 
depolarisation measurements, the authors are looking at the entire Raman band rather 
than  the individual lines within the band. In this work, we have restricted the mea­
surements to only observe the _LS scattered component. Golden and Crawford [Gol62] 
measure both scattered polarisations _LS and ||s simultaneously for the entire band, 
so the measurement is not directly comparable. Carlson and Fenner [Car72] use the 
well-known Raman band of liquid benzene to calibrate their spectra and extract the 
information tha t they are after. Bridge and Buckingham [Bri64] do not have any wave­
length selective optics, so they are looking at the depolarisation of all the scattered light 
(Rayleigh +  Raman). This means that, even though their methods are very interesting, 
the measured values are not comparable with the measurements in this work
6.8 D epolarisation  m easurem ents: S- and O -branches o f  
th e  hydrogen isotopologues
6 .8 .1  C hanges to  m ea su rem en t/a n a ly s is  p rocedure
The depolarisation measurement procedure can also be applied to  the vibration-rotation 
Si- and Oi-branches of the hydrogen isotopologues and the pure rotational So-branch.
The selection rules for these branches are A J  — +2 and A J  = —2. This simplifies
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the SPOSA depolarisation ratio to
(6.48)
(6.49)
The reason for this is described in chapter 3 and is linked to the Placzek invariants th a t 
are allowed for these branches.
The measurement procedure used for the Qi-branch in section 6.7 is followed. The 
procedure was changed to use the lower resolution 600gr/mm grating of the SP500 
spectrograph, as the vibration-rotation (and rotation) Raman lines within one branch 
are much further apart than for the lines within the pure vibrational Qi-branch.
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Figure 6.18: Raman spectra (for both ±  (black) and || (red) excitation polarisation) of 
hydrogen.
6 .8 .2  D ep o larisa tion  m easu rem en ts o f  th e  Si- and O i-branches o f  hy­
drogen
Measurements of the Si- and Oi-branches of hydrogen around the Q-branch were per­
formed. An example of the spectrum for the I 1 and ||* excitation polarisations is shown 
in figure 6.18. One point to  note from this spectrum is tha t the Si- and Oi-branches 
are approximately 50 times weaker than  the Qi-branch. This means that, even for rela­
tively long acquisition times of 900 s (as is the case here) the signal is still relatively low. 
This means tha t the uncertainty in the measured intensities is higher, which results in 
a larger uncertainty in the depolarisation ratio.
For this data  set, the depolarisation ratio was determined for the two vibration- 
rotation lines with the highest signal-to-noise ratio, Si(0) and S i(l) . Due to the lower 
signal-to-noise ratio, and the separation of the lines, the intensities were extracted by
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Table 6.9: Depolarisation ratio measurements of the Si- and Oi-branch lines of H2 (in 
brackets: measurement uncertainty). The observed depolarisation ratios are compared 
to the theoretical values from LeRoy [Roy 12].
J
H2 Swansea
Pobs
Si
PLeRoy—532 nm
Si
Pobs
Oi
PLeRoy-5 3 2  nm 
Oi
0 0.751(7) 0.75 - -
1 0.753(4) 0.75 - -
2 0.750(9) 0.75
3 0.767(11) 0.75
J
HT TLK
Pobs
Si
PLeRoy—532 nm
Si
Pobs
Oi
PLeRoy—532 nm
Oi
0 0.745(5) 0.75 - -
1 0.745(5) 0.75 - -
2 0.747(7) 0.75 0.761(4) 0.75
3 0.763(17) 0.75 0.774(11) 0.75
4 0.742(17) 0.75
integrating the peaks i.e. summing the signal from all the pixels under the peak after 
background subtraction. The depolarisation ratios were then determined using the pairs 
method, as described above in section 6.7.2. Due to the lower signal-to-noise ratio of 
the Oi(2) and Oi(3) lines, the signal height is taken as the intensity. Some of the data  
points were excluded due to high noise levels.
The resultant depolarisation ratios are shown in table 6.9. The table shows tha t, 
even without correcting for the solid angle and laser beam cleanness, the measured 
depolarisation ratio of the Si-branch agrees with the theoretical values. The reason for 
this is two-fold. Firstly, the experimental uncertainty is over an order of magnitude 
larger for these measurements than  the corresponding Qi-branch measurements, due to 
the lower signal-to-noise ratio. This uncertainty is now larger than the correction due 
to the solid angle as these measurements have been performed with a small collection 
angle (rf =  1.5 mm with Xf =  38 mm). Secondly, the effect of the laser beam cleanness is 
less strong when the depolarisation ratio is larger. This can be visualised by using the 
same considerations as in section 6 .6.2 and removing the integral terms from equation 
(6.3). Now, if we calculate this simplified version of pcaic for a depolarisation ratio of 
P s p o s a  =  0.75 i.e. A  = 0.75 and B  =  1, for the cleanness of the Swansea Qi-branch 
measurements (green data  points from figure 6.16), which is £ =  0.9995; the resultant 
crudely calculated depolarisation ratio is pca,\c = 0.75022. The difference between this 
and the theoretical value is smaller than  the experimental uncertainty.
This has shown that the measurement agrees with theory for the vibration rotation 
lines of the hydrogen isotopologues. The number of lines tha t have been measured could
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Table 6.10: Depolarization ratio measurements of the So-branch lines of H2 (in brackets: 
measurement uncertainty). The observed depolarisation ratios are compared to the 
theoretical values from LeRoy [Roy 12].
J Pobs PLeRoy—532 nm
0 0.750(2) 0.75
1 0.753(1) 0.75
2 0.751(2) 0.75
3 0.750(3) 0.75
be increased by increasing the acquisition time. This would improve the statistics of the 
measurement.
Depolarisation measurements of the Si- and Oi-branches of HT measured in TLK 
have also been included in table 6.9. The details of these measurements are included 
in Schlosser [Schl3]. These measurements have been included here to demonstrate tha t 
the agreement with the literature values of these branches is not limited to the branches 
of hydrogen. Note, the uncertainty of these measurements is higher and th a t almost all 
the measurements agree with the expected value of p =  0.75, within the experimental 
uncertainty.
6 .8 .3  D ep o larisa tion  m easu rem en ts o f  th e  So-branch o f  hydrogen
The same measurement procedure as above was followed for the depolarisation mea­
surements of the So-branch (pure rotation) of hydrogen. The cleaned measured Raman 
spectra of both the _Ll and ||* excitation polarisation can be seen in the top panel of 
figure 6.19. The Raman spectrum of Si02  in the cell windows is also in this region. 
However, the SCARF background removal routine is able to remove the Raman spec­
trum  of Si02  as it is quite broad. This can be seen by comparing the spectra in the 
middle panel and bottom  panel of the figure. Its presence increases the noise in the 
region of the So(0) and So(l) lines. The edge filter suppressed Rayleigh line is also just 
visible on the spectrum. The transition probability of the pure rotational lines is as high 
as that of the Qi-branch. This, combined with the increased quantum efficiency of the 
CCD detector at this lower wavelength ([Syn09]) of approximately 550 nm, means th a t 
the required acquisition time for these spectra was 100 s.
Depolarisation measurements of the four visible So lines of hydrogen were performed, 
where eight ± - and eight ||-excitation polarisation spectra were taken for improved statis­
tics. The depolarisation ratio was obtained using the pairs method and the resultant 
observed depolarisation ratios are shown in table 6.10. The table shows th a t the values 
virtually all agree with the theory without the need for correcting the depolarisation 
ratios, for similar reasons to the arguments given for the vibration-rotation lines. The
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Figure 6.19: Raman spectra (for both JLZ and ||z excitation polarisation) of So-branch of 
hydrogen, (a) Top panel: spectra with background removed, (b) middle panel: spectra 
with background removed zoomed and (c) bottom panel: raw spectra zoomed showing 
the SiC>2 feature.
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only line where correction would make sense is the So(l) line, as this has the highest 
signal-to-noise ratio. It is also the only line measurement which does not agree with the 
theory without being corrected. The other reason this value could be slightly out is that 
it is overlaid by the strong Si(>2 Raman feature and additional error could be caused by 
extracting this feature.
6.9 A ccurate R am an shift o f non-tritiated  hydrogen iso­
topologues
The line positions of the hydrogen isotopologues are determined for every spectrum 
that is taken. To accurately determine the Raman shift from these positions, high 
resolution Raman measurements need to be performed and the laser wavelength needs 
to be accurately known. To achieve this, the wavelength of the excitation laser needs to 
be measured accurately. Measurements in chapter 5 show that the laser wavelength of 
the Laser Quantum  Excel laser drifts for the first 24 hours of operation. After this, the 
wavelength remains stable. There is no guarantee that the stabilised position will be 
the same every time the laser is switched on, due to different environment conditions. 
Therefore, to accurately determine the Raman shifts of the hydrogen isotopologues the 
laser wavelength and line positions need to be measured in the same laser switch-on 
period.
To avoid misaligning the system between measurements, the system was aligned when 
the Raman cell was filled with a mixture of H2, HD and D2, using the Swansea gas mixing 
system described in appendix A.2 . Two 100 s spectra were taken, using the 600gr/mm 
grating of the SP500 spectrograph centred at 650 nm, to verify that the cell contained 
a sufficient amount of the three gases H2, HD and D2. The spectra had the cosmic rays 
and background removed using the routines described in appendix A.6 . The resultant 
cleaned spectrum is shown in figure 6 .20.
This filling will be used for all subsequent measurements. The wavelength centre and 
grating of the spectrometer will be changed to enable the Raman line positions to  be 
measured with a sufficient accuracy.
6.9 .1  Laser w avelen gth  d eterm in ation
As described in chapter 2, in a scattered spectrum, the Rayleigh line with the same 
wavelength as the excitation source is present. The wavelength of this Rayleigh line will 
be measured to determine the laser wavelength. This is achieved by using the standard 
Raman setup described above (see figure 6 .6), with the 2400gr/mm grating of the SP500 
spectrometer centred at 532 nm, with the edge filter removed from the system.
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Figure 6.20: Raman spectrum of H2 , HD and D2 . This filling is used to measure the 
line positions of the Raman lines of the three gases.
Raman spectra of the Rayleigh line were acquired and its wavelength was mea­
sured after the laser had been running for a 24 hour period and was determined as 
532.08(1) nm =  18794.1(5) cm- 1
6.9 .2  R a m a n  m e a su re m e n ts  o f n o n - t r i t ia te d  h y d ro g e n  iso to p o lo g u es
High resolution Raman measurements were taken (using the 2400gr/mm grating of the 
SP500 spectrometer centred at 63311111, 65811111, 68311111) so that the Raman lines of 
the Qi-branch of the non-tritiated hydrogen isotopologues could be measured. One 
lower resolution measurement was taken (using the 600gr/mm grating of the SP500 
spectrometer centred at 65011111) so that the Raman lines of the Oi- and Si-branches 
could also be measured. Note that this results in a spectral region between 61011111 and 
692 nm, which means that the Si-branch lines of H2 are not observable in this region. 
The acquisition time was set appropriately so that a high signal-to-noise ratio could 
be achieved without saturating the detector. The resultant measured wavelengths are 
collated in table 6 .1 1 .
The quoted uncertainties in the table are from the fit accuracy. Note that there will
also be an uncertainty introduced from the accuracy of the wavelength calibration. As 
mentioned above, the H2 Qi-branch lines were measured using the 2400gr/mm grating 
of the SP500 spectrograph centred at 68311111. This results in an observed spectral 
region between approximately 679 nm and 687 nm. The spectral regions wavelength 
is calibrated using spectral laps where the wavelength is well known. Of the lamps 
available, the only one with spectral lines in this region is xenon, and the visible lines 
only cover half of the spectral region. This will introduce further uncertainty to these 
values. To obtain a better wavelength calibration, more spectral lamps would need to be
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Table 6.11: Measured wavelengths of the non-tritiated hydrogen isotopologues. * fitted 
using ShapeFit first, - refers to lines below the detection limit, J  =  J"  and uncertainty 
(in brackets) in the final digit. Note that the H2 Si-branch lines are outside of the 
measured spectral region, so they could not be measured.
J h 2
Wavelength 
S \ (J )  /  11111 
HD d 2 h 2
Wavelength 
0 \ { J )  /  11111 
HD d 2
0 n /a 670.863(1) 639.916(5)
1 n /a 678.349(1) 644.536(2) - - -
2 n /a 685.683(1) 649.083(2) 667.250(4) 648.148(2) 625.828(4)
3 n /a - 653.542(8) - - 621.139(4)
J h 2
Wavelength 
Q\(J)  /  nm 
2400gr/mm 
HD d 2 h 2
Wavelength 
Qi{J)  /  nm 
600gr/mm 
HD d 2
0 683.424(1) 659.567(1) 632.902(7)* 683.418(2)* 659.564(3)* 632.915(3)*
1 683.149(1) 659.400(1) 632.817(8)* 683.125(2)* 659.405(3)* 632.827(3)*
2 682.603(1) 659.066(1) 632.649(1) 682.573(1) 659.063(3)* 632.672(3)*
3 681.790(1) 658.567(1) 632.396(1) 681.754(2) 658.558(3)* 632.430(3)*
4 680.718(1) 657.905(1) 632.060(1) 680.674(1) 657.898(3) 632.090(9)
5 - 657.087(1) 631.643(1) 679.324(14) 657.097(3)* 631.677(8)
6 - 656.114(3) 631.146(1) - - 631.168(7)
7 - - 630.572(3) - - 630.63(4)*
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Table 6.12: Measured Raman shift of the non-tritiated hydrogen isotopologues calcu­
lated from measured laser wavelength and Raman line positions. For details see text. 
* fitted using ShapeFit, - refers to lines below the detection limit and uncertainty (in 
brackets) in the final digit.
Raman shift Raman shift
S\ (J )  /  cm- 1 0 \ { J )  /  cm -1
J" h 2 HD d 2 h 2 HD d 2
0 n /a 3887.9(5) 3167.0(5) - - -
1 n /a 4052.4(5) 3279.0(5) - - -
2 n /a 4210.1(5) 3387.7(5) 3807.2(5) 3365.5(5) 2815.2(5)
3 n /a - 3492.8(5) - - 2694.6(5)
Raman shift Raman shift
Qi(J)  /  c n f 1 Q i ( J ) /  cm 1
2400gr/mm 600gr /  mm
J" h 2 HD d 2 h 2 HD d 2
0 4161.9(5) 3632.6(5) 2993.8(5)* 4161.7(5)* 3632.6(5)* 2994.2(5)*
1 4156.0(5) 3628.8(5) 2991.7(5)* 4155.5(5)* 3628.9(5)* 2992.0(5)*
2 4144.3(5) 3621.1(5) 2987.5(5) 4143.6(5) 3621.0(5)* 2988.1(5)*
3 4126.8(5) 3609.6(5) 2981.2(5) 4126.0(4) 3609.4(5)* 2982.1(5)*
4 4103.7(5) 3594.3(5) 2972.8(5) 4102.8(5) 3594.2(5) 2973.5(5)
5 - 3575.4(5) 2962.4(5) 4073.6(6) 3575.6(5)* 2963.2(5)
6 - 3552.8(5) 2949.9(5) - - 2950.4(5)
7 - - 2935.5(5) - - 2937.0(11)*
available that cover the spectral region completely. The additional uncertainty caused 
by this is visualised in the 600gr/mm Qi-branch spectral lines, collated in the table, 
as the difference between the measured wavelengths of the same line using the different 
gratings.
6 .9 .3  R a m a n  sh ift d e te rm in a tio n
From the measured wavelength positions of the non-tritiated hydrogen isotopologues 
and the wavelength of the excitation source the Raman shift can be determined for each 
line by converting the measured wavelength (As) to wavenumber (Fs =  1/AS) and then 
the Raman shift, Fj, is
z/j =  Mb ~ Ms (6.50)
where vq = 1 /Ao and Ao is the measured wavelength of the excitation radiation.
The Raman shift can be calculated for all the measured Raman lines of the Qi-, Oi- 
and Si-branches of the non-tritiated hydrogen isotopologues using equation (6.50). The 
resultant values are collated in table 6.12. The uncertainty in these values is dominated 
by the laser wavelength uncertainty in all cases except the D2 Q i(J = 7) line, measured
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Table 6.13: Theoretical Raman (wavenumber) shifts for the first ten lines of the Stokes 
S i~, Q i- and Oi-branches for the non-tritiated hydrogen isotopologues. Shifts of Lewis 
[Lew07] based on spectroscopic constants Bo, Do, Ho, rvitn Hi and Dj obtained from 
Edwards et al [Edw78].
Raman Shift 0 \ ( J )  /  cm -1
from [Lew07] calculated from [LRoy8 8 ]
J" h 2 HD D2 h 2 HD d 2
2 3803.669 3363.102 2813.709 3806.774 3365.074 2814.539
3 3556.093 3177.863 2690.820 3568.202 3185.206 2693.963
Raman Shift Q \ ( J ) /  cm -1
from [Lew07] calculated from [LRoy8 8 ]
J" h 2 HD d 2 h 2 HD d 2
0 4161.140 3632.050 2993.560 4161.147 3632.143 2993.606
1 4155.194 3628.194 2991.439 4155.234 3628.287 2991.497
2 4143.374 3620.478 2987.205 4143.447 3620.593 2987.283
3 4125.824 3608.900 2980.871 4125.855 3609.096 2980.979
4 4102.760 3593.450 2972.460 4102.565 3593.850 2972.604
5 4074.470 3574.120 2962.000 4073.717 3574.922 2962.184
6 4041.314 3550 898 2949.527 4039.478 3552.398 2949.750
7 4003.724 3523.768 2935.085 4000.044 3526.376 2935.338
Raman Shift S\ (J )  /  cm -l
from [Lew07] calculated from [LRoy8 8 ]
J" h 2 HD D2 h 2 11D d 2
0 4497.752 3887.554 3166.264 4497.820 3887.662 3166.350
1 4712.774 4051.954 3278.399 4712.887 4052.177 3278.513
2 4916.762 4209.374 3387.101 4916.990 4209.942 3387.252
3 5107.796 4358.564 3491.855 5108.388 4359.923 3492.084
using the 600gr/mm grating. This has a signal which is approaching the noise level 
therefore, the fitted uncertainty is higher.
6 .9 .4  C o m p a r iso n  w ith  th e o re tic a l  va lues
These experimentally determined Raman shifts (of the non-tritiated hydrogen isotopo­
logues), can be compared with both the theoretical values determined from the energy 
levels calculated by LeRoy and the experimental approximated values discussed in chap­
ter 2. The values that can be compared with the measured values above are collated in 
table 6.13. To enable a more visual comparison, the difference between the theoretical 
and measured values has been calculated. The difference is plotted vs. the rotational 
quantum number J for the Q-branch H2 , HD and D2 in figure 6.21.
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Figure 6.21: Difference between theoretical Raman shift and measured Raman shift for
the non-tritiated hydrogen isotopologues. The theory values used are calculated/taken 
from Schwartz and LeRoy [LR,oy8 8 ] and Lewis [Lew07]
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The figure shows that:
• The measured line positions values of D2 and the values calculated using the LeRoy 
data  agree within experimental error.
•  The line positions of HD and H2 are offset from the values of LeRoy by 0.5 cm -1 
and «  0.8 cm -1 respectively. As these offsets are roughly constant, this could imply 
th a t the observed difference is associated with inaccurate wavelength calibration. 
These shifts correspond to a shift in laser wavelength of 0.013 nm for HD and
0.025 nm for H2, or a  shift of Raman peak position of 0.010 nm for HD and 0.020 nm 
for H2.
•  The H2 and D2 difference values of RJL and LeRoy agree within the experimental 
uncertainties.
•  The HD difference values of RJL increase as J increases. This increase exceeds 
the experimental uncertainty when J  > 4. This implies th a t the HD line position 
values of RJL are no longer valid for J  > 4. This is most likely due to the fact 
tha t spectroscopic constants from the literature are used, which are incorrect or 
HD was ‘scaled’ by reduced mass for H2 and/or D2.
A point to note is th a t the resolution of the 600gr/m m  measurements is too low 
to produce accurate enough values for a comparison, which affects the accuracy of the 
measured line position. This means that difference values will not be calculated for the 
600gr/m m  grating measurements, as the decrease in resolution makes it more difficult 
to determine the centre position of the peak; therefore the uncertainty in the Raman 
shift position is potentially higher than the values quoted in the tables. To accurately 
measure the positions of the Si- and Oi-branches, more high resolution spectra would 
need to be taken.
The conclusions th a t can be drawn from this line position measurement axe:
•  The accuracy of Raman shifts determined from measured values is strongly de­
pendent on the accuracy of the wavelength calibration and the laser wavelength. 
In this case the wavelength calibration for the high resolution measurements of H2 
and HD is less accurate due to an insufficient number of available spectral lines in 
this region for calibration.
•  The measured line positions of the Q-branch of D2 agree with the line positions of 
RJL and those calculated from the energy levels of LeRoy within the experimental 
uncertainty.
•  To verify whether the H2 and HD lines also agree, repeat measurements would 
have to be performed with a more accurate wavelength calibration, as an offset
6.9. ACCURATE RAM AN SHIFT 167
in wavenumber shift is observed of approximately 0.8 cm 1 and 0.5 cm respec­
tively.
The same measurement principle can be applied to Raman spectra where all six 
hydrogen isotopologues are present, to obtain accurate Raman line positions of all six 
hydrogen isotopologues. This measurement is planned in the near future a t TLK and 
will enable a full comparison with the theoretical and literature values.

Chapter 7
Spectroscopy and depolarisation  
m easurem ents of atm ospheric 
gases
7.1 C hapter overview
Spectroscopy and depolarisation measurements on the atmospheric gases methane, car­
bon dioxide, nitrogen and oxygen have been performed. The depolarisation ratios of the 
various ro-vibrational branches have been successfully determined and compared with 
the values tha t are available from the literature. The observed values could be made 
more accurate by applying the procedure to correct for the solid angle and polarisation 
aberrations discussed in chapter 6 . This hasn’t been applied, in this case, as there is not 
a measurable line corresponding to a theoretically known value. Further, for lines with 
a depolarisation ratio of p s p o s a  =  0.75, the experimental uncertainty is too large for a 
reasonable correction to be applied. A method of accurately determining this correc­
tion could be to perform the measurements when the cell also contains hydrogen. The 
measured depolarisation ratio of the J  =  0 line of the Q-branch could be used as the 
reference value to correct the observed values.
There is a lack of reliable literature values of the polarisability m atrix elements for 
nitrogen and oxygen. This means th a t a similar verification of the depolarisation ratio, 
as obtained for the hydrogen isotopologues, was not possible.
The isotopic abundances of the different isotopologues in nitrogen, oxygen and carbon 
dioxide have been verified from Raman intensity ratios. The measured values match 
the literature values within the experimental uncertainty. A similar verification of the 
isotopic abundance of the minor isotopologue of methane could not be performed; this 
feature convolutes with the equivalent branch of the main isotopologue.
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Table 7.1: Minor gases in the atmosphere of the earth [Pid06]. * means the abundance 
is variable.
Gas Abundance Raman active? Im portant for LIDAR
Argon 9.3 x 1(T3 No -
C 0 2* 3.6 x 1(T4 Yes Yes
Neon 1.8 x 1(T 5 No -
Helium 5.0 x 10" 6 No -
c h 4* 1.7 x 10~6 Yes Yes
h 2 5.0 x 10- 7 Yes Yes
Nitrous oxide* 3.0 x 10" 7 Yes Yes
Ozone* 4.0 x 10" 8 Yes Yes
7.2 Introduction
In this chapter, the aim is to apply the depolarisation measurement m ethod described 
in chapter 6 to some of the atmospheric gases. The experimental methodology is sum­
marised below for clarity.
Depolarisation measurements are an useful tool to verify the polarisability tensors, 
which are needed to obtain the composition of the gas directly from the measured Raman 
intensities. This is required to quantitatively interpret and evaluate the Raman signals. 
Quantitative interpretation of Raman signals is required in Raman LIDAR systems 
[Pou77]. In this case, alternative calibration methods (calibrated samples e.g. HYDE 
[Schl2c]) are not available (for an open air calibration) therefore, utilising polarisability 
tensors is the only method of quantifying the measured intensity.
The main molecules present in the atmosphere are nitrogen and oxygen, with abun­
dances of 78.08% and 20.95% respectively. The next main constituent is water vapour, 
which has an abundance between 0% and 4%. This is the maximum value, as the satu­
ration limit of water vapour is 4%. Some of the remaining minor constituent gases are 
collated in table 7.1. The table shows tha t the Raman active gases are CO 2 , CH4 , H2 , 
nitrous oxide and ozone. As hydrogen is studied extensively in this work, extra research 
is not needed. The natural abundance of CO2 and CH4  is on the ppm level. Therefore, 
Raman measurements of the gases in the atmosphere will be difficult, with very long ac­
quisition times, as high intensities are required to perform depolarisation measurements. 
However, high gas pressures enable the measurements to be performed accurately. The 
natural abundance of nitrous oxide and ozone is even lower, but high pressure mixtures 
would introduce additional complications. When high concentration mixtures of nitrous 
oxide are produced, clusters start to form and the nitrous oxide is lost. Therefore, the 
required high concentration (high pressure) mixtures are not possible. Ozone does not 
occur naturally, so it would need to be produced. This would require additional effort
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beyond the scope of this work to produce the required high pressure mixture. As a 
result of this discussion, the gases tha t will be measured are nitrogen, oxygen, carbon 
dioxide and methane.
Alongside the depolarisation measurements of the gases mentioned above, the mea­
sured Raman intensities are used to obtain relative isotopologue and hot-band contri­
butions from the measured high resolution spectra.
Some additional theory is required for the non-diatomic molecules of methane and 
carbon dioxide, to enable a  full interpretation and evaluation of the spectra. Each of 
the monitored atmospheric gases will be discussed separately, with the extra information 
required to enhance the understanding included.
7.2 .1  M eth o d o lo g y
Raman spectra of the chosen atmospheric gases are acquired using the standard 90° 
Raman setup in this work, described in detail in chapters 4 and 6 . For clarity, the 
m ethod of obtaining depolarisation ratios is summarised here.
Traditionally, the depolarisation ratio is measured as the ratio of scattered light inten­
sities I_l and / | | , i.e. p = I\\/I± , where 7|| and I±  are the intensities of the scattered light 
with polarisations parallel and perpendicular to the polarisation plane of the incident 
laser beam, respectively.
For comparison with theory, the theoretical ratio is only valid for a pure 90° collection 
geometry. In reality, Raman signals axe collected over an extended solid angle to max­
imise the collected light intensity. This leads to rays with different angular dependent 
polarisation being collected. This is taken into account by integrating the intensity over 
the known measured solid angle and fitting the measured depolarisation data  to the 
solutions. This is discussed in more detail in chapter 6 . The described procedure allows 
experimental and theoretical depolarisation ratios to be compared.
As the ratio of perpendicular polarisations is measured, the cleanness, £, of the laser 
beam ’s polarisation influences the measured depolarisation ratio. The cleanness can 
be expressed mathematically as £ =  cos2 a , where a  is the angular deviation from the 
vertical (_L) polarisation direction.
In the m ethod described in chapter 6 , this cleanness is taken into account. In the 
measurements here, the polarisation cleanness was kept high to minimise this effect.
To calculate a statistical uncertainty of the depolarisation ratio, repeat measurements 
of I±  and /|| are required. This enables a spectrum with less noise to be produced, when 
discussing the content of the chosen scattering substance (atmospheric gas). Before any 
intensity was extracted, the background and cosmic rays were removed from the spectra, 
using the routines described in appendix A.6 . The intensity is then extracted from the 
spectra by either integrating the Raman peak or taking the peak height. The method 
used is indicated along with the results.
172 CHAPTER 7. DEPOLARISATION MEASUREMENTS II
Table 7.2: Isotopes in stable isotopologues of CH4 (from [Berll] and NIST).
Isotope Mass number /  amu Nuclear spin Abundance
Ram an detectability 
in natural mixture
*H 1.00782503207(10) + 1/2 0.999885(70) Yes
2H 2.0141077778(4) +1 0.000115(70) too low
12C 12 + 0 0.9893(8) Yes
13c 13.0033548378(10) -1/2 0.0107(8) maybe
7.3 R am an depolarisation spectroscopy o f m ethane
Methane has been a subject of many spectroscopic studies, as it is one of the greenhouse 
gases and is used in a wide range of technical applications. In most of these studies the 
spectroscopy method of choice is absorption spectroscopy, such as the highly-sensitive 
m ethod of tuneable diode laser absorption spectroscopy TDLAS [Nag96]. However, some 
of the vibrational energy levels and modes are not infra-red (IR)-active. Therefore, they 
are not accessible to absorption techniques. Raman spectroscopy has the advantage 
that, in principle, all of the energy levels and modes axe accessible. However, some 
of the bands may have a really low excitation probability, so they are not particularly 
useful in analytical applications.
7.3 .1  Isotop ic  com p osition  o f  m eth an e
The main parent molecule of methane is 12CH4. Beyond this molecule there are a 
number of isotopologues where the carbon or hydrogen atom axe substituted by one of 
the (stable) isotopes. It should also be noted that the unstable (radioactive) isotopes 
14C and 3H (or T) form isotopologues, even though they only exist naturally in trace 
amounts. Therefore, they also need to be considered. This was observed in the long­
term  studies of the KATRIN loop system LOOPINO (conducted by other members of 
the KATRIN LARA group see Fischer et al [Fisll]), with tritium  flowing through the 
system significant measurable amounts of CT4_XDX isotopologues were observed.
If one limits the task to detecting methane in the atmosphere, the isotopolgues with 
natural abundances within the detectability of the LARA system in Swansea need to be 
considered. The only detectable isotopolgue is 13CH4 with abundance of approximately 
1% of naturally occurring methane. The isotopes in the stable isotopologues of methane 
are collated in table 7.2 for clarity.
7 .3 .2  R o-v ib ration al en ergy  levels and tran sition s
To determine the structure of the Raman spectra tha t will be observed, the ro-vibrational 
energy levels need to be calculated. To do this, the symmetry of the molecule in question
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needs to be considered. Methane is the simplest totally symmetric polyatomic molecule. 
It belongs to  the tetrahedral symmetry group T j. Therefore, it is a test case in many 
experimental and theoretical studies and has been studied extensively in the literature. 
For a full detailed description see Herzberg [Her89].
The molecule may appear to be simple. However, the observed spectra are quite com­
plicated due to  Coriolis splitting and interactions between ro-vibrational levels, which 
lead to perturbation of the rotational bands. Coriolis splitting is caused by the Coriolis 
force, which only occurs for moving particles. For more information see Johnston and 
Dennison [Joh35].
The tetrahedral symmetry group has two non-degenerate (Ai and A2), one doubly 
degenerate (E) and two triply degenerate (Fi and F 2) symmetry types . The num­
ber reduces to only four vibrational bands occurring, one degenerate vibration i'i(A i), 
one doubly degenerate vibration 1^2 (E) and two triply degenerate vibrations 1/3^ 2) and 
^4^ 2) (for more details see Herzberg [Her89]). There is also a pure rotational mode 
which has the symmetry Ai. These modes are only ‘infra-red active’ if the vibration is 
connected with a change in dipole moment. In symmetric molecules vibrations occur 
where the change in dipole moment is exactly zero, therefore, these modes would be 
‘infra-red inactive’. In methane this is the case for the v\ and V2 modes. Raman spec­
troscopy has the advantage tha t this limitation doesn’t apply and all of the modes are 
Ram an active to a certain degree.
The first mode to consider is the non-degenerate mode v\. The rotational levels of 
non-degenerate states are similar to th a t of the diatomic molecule (see chapter 2) and 
is expressed as Fv
Fv = B uJ ( J  + l ) - D uJ 2(J  + \ ) 2 (7.1)
Often the correction term, D„, is omitted, as it is small for small rotational quantum  
numbers.
The Ram an modes with a degeneracy have the extra complication tha t the Coriolis 
forces th a t occur in the rotating molecule, may lead to an interaction between mutually 
degenerate vibrations. This interaction then could lead to a splitting of the degeneracy. 
As described above, the degenerate modes of methane are the v2 , V3  and 1/4. The 
vibrational mode, ^2, is of the doubly degenerate group E. If one component of the doubly 
degenerate vibration is excited the Coriolis force does not excite the other component. 
This means th a t no Coriolis splitting occurs for the doubly degenerate vibrational states 
and the rotational energy levels axe the same as for the non-degenerate vibrational states 
as given by equation (7.1) (for more details see Herzberg [Her89]). The triply degenerate 
modes (v3 and i/4) get influenced by the Coriolis force and Coriolis splitting occurs. 
Splitting occurs into three components, one having the original frequency while the 
other two are linear combinations of the vibrations th a t interact with each other. The
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rotational levels of the splitting of these three modes are given as ([Her89] and [Den40])
= B vJ ( J  + \) + 2BvQ (J  + \)  (7.2)
F ®  =  B UJ ( J  +  1) (7.3)
= B VJ { J  +  1) — 2BvQi{J +  1) (7.4)
where Q is the magnitude of angular momentum associated with the superposition of 
the Coriolis-induced circular motion coupling, in units of h.
The spectroscopic constants that are required to calculate the line positions of 12CH4 
and 13CH4 are collated in table 7.3. Please note th a t many compilations of the line 
positions do not use these values, but list the line positions themselves taking pertur­
bations into account. This is the case in Pine [Pin76] or the HITRAN 2004 molecular 
spectroscopic database [Hit04].
7 .3 .3  S election  rules for M eth an e
Analogous to the selection rules for Raman scattering of diatomic molecules discussed 
in chapter 2 , selection rules verifying the allowed transitions of the more complicated 
molecules will need to be discussed. The selection rules for tetrahedral (symmetric) 
molecules are less restrictive than those for diatomic molecules (see chapter 2). Energy 
levels are found with the following selection rule for the angular momentum, J
A J  =  0, ±1, ±2 (7.5)
when J ' + J"  > 2. When the Raman mode is totally symmetric, this rule is reduced 
to  A J  = 0 as, during the whole vibrational motion, the polarisability ellipsoid remains 
spherical. For the degenerate modes, only rotational levels of the same species can 
combine with one another. As a result of these selection rules, the totally symmetric V\ 
band’s only observable feature is one strong “narrow” feature, which is the superposition 
of all the Qi-lines. To give an example of the expected number of lines for a degenerate 
level, the z^-band will be considered. For the transition from the Ai ground state  to 
each of the F^+\  and F ^  15 branches occur (5 for each sub-band).
The notation of the branches th a t is linked to the selection rules is given in table 7.4.
7 .3 .4  M easured  sp ectra
Ram an spectra of methane were taken in the 90° Raman configuration used for the 
depolarisation measurements of the hydrogen isotopologues described in chapter 6 . The 
LARA cell was filled with approximately 1000 mbar of methane. Nine repeat Raman 
spectra were taken for the _LZ and ||* incident laser polarisation, using the high resolution
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Table 7.3: Vibrational and rotational term  constants and Raman features for methane 
(in units of cm -1 ). From [Bou06] and [Sto51]. const* are obtained experimentally.
Level /  B a n d V ib V ib B C D
co n st const* [Bou06]/[Sto51] [Bou06]/[Sto51] [Sto51]
12c h 4
G ro u n d  s ta te
Ai 0.000 5.240/5.253 1.9 x 10" 4
D y ad  sy s te m
F 2  U4 1 3 1 0 .7 6 2
E  V2 1 5 3 3 .3 3 6 1 5 3 3 .6 5 .3 1 3 /5 .3 7 9
P e n ta d  sy s te m
A i  2 1 /4
F 2  2 ^ 4  
E  2 1 /4
2 5 8 7 .0 4 0
2 6 1 4 .2 6 2
2 6 2 4 .6 1 8
F 2  ^ 2  +  ^4 
F i  U2 +  1^ 4
2 8 3 0 .3 1 2
2 8 4 6 .0 7 8
A i  vi 2 9 1 6 .4 8 2 2 9 1 6 .7
F 2  V3 3 0 1 9 .4 9 3 3 0 1 8 .9
5 .1 7 8 /5 .2 0 4
5 .1 9 5 /5 .2 1 7
5 .2 1 2 /5 .2 3 5
0 .0 5 4 /0 .0 5 6
1 .4  x  1 0 - 4
1 . 8  x  1 0 - 4
3 .8  x  1 0 - 4
A i  2 ^ 2  
E  2v2
3 0 6 3 .6 4 3
3 0 6 5 .1 4 2
1 3 c h 4
G ro u n d  s ta te
Ai 0.000
D y ad  sy s te m
F 2  ^4 1 3 0 2 .7 8 1
E  V2 1 5 3 3 .4 9 3
P e n ta d  sy s te m
A i  2 i/ 4  
F 2  2 U4 
E  2 1 / 4
2 5 7 2 .0 9 9
2 5 9 8 .6 4 0
2 6 0 8 .7 3 9
F 2  v2 +  ^ 4
F 1 V2 +  ^ 4
2 8 2 2 .4 5 1
2 8 3 8 .2 0 3
A i  u i 2 9 1 5 .4 4 2
F 2  ^ 3 3 0 0 9 .5 4 5
A i  2 ^ 2  
E  2 ^ 2
3 0 6 3 .9 6 2
3 0 6 5 .4 6 1
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Table 7.4: Branch notation for Raman spectra of methane
B ran ch A J
O(J) -2
P(J) -1
Q ( J ) 0
R ( J ) +1
S(J) +2
(2400gr/mm) grating of the SP500i spectrograph, centred so tha t the fundamental u\ 
mode and the and 2v<i modes could be measured. The method described in section
7.2.1 was used to obtain the depolarisation ratios from the measured spectra.
As is shown in chapter 5 and in Alshahrie [Alsll], even when the Excel 2W laser is 
stabilised, using water cooling, the centre wavelength drifts as the laser is heating up 
for a period of approximately 24 hours. This drift has to be taken into account when 
calculating the depolarisation ratio and averaging multiple spectra.
The analysis method to determine the depolarisation ratios for methane is slightly 
different to the one used in chapter 6 . The theoretical depolarisation ratios of the 
and ^3 modes of methane are p s p o s a  =  0 and p s p o s a  =  0.75 respectively [Yu07]. Due 
to the complexity of the Raman spectra, it proves useful to separate the branches that 
fully depolarise from the branches that do not. This enables one to identify the branches 
tha t depolarise more easily. The subtraction is achieved by multiplying the measured ||® 
spectrum by 4/3 to obtain 4/3J||i .  This is subtracted from the measured _L® spectrum. 
This means that any branch with a depolarisation ratio of 0.75 is subtracted from the 
_L® spectrum to leave the branches that fully depolarise on their own. Note any laser 
wavelength shift needs to be corrected for to utilise this subtraction method.
To correct for the wavelength drift during the repeated measurements, the peak po­
sition of the main peak is recorded for each measurement and the spectra are shifted 
to bring all the repeats into alignment; an average can be performed to reduce the noise 
of the spectrum increasing the accuracy of any extracted data. The resultant aver­
aged spectra for the _L* and ||® polarisations and the difference spectrum removing the 
branches with a depolarisation ratio of 0.75, is shown in figure 7.1. The figure identifies 
the observed Q-branches for the vibrational modes {yi, and 2 ^ ) .  The P (J” ), R (J”)>
0 ( J ”) and S(J” ) branches are those of the 1/3 mode. The lines are annotated using the 
assignment of Herranz and Stoicheff [Her63].
As the figure contains a vast amount of spectral information the modes will be con­
sidered separately. The v\ mode and its Q-branch will be considered first.
The spectra in figure 7.1 clearly show that the Q-branch of the v\ mode “vanishes” 
when switching from _Ll to ||l polarisation of the incident laser beam, as is expected
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Figure 7.1: Raman depolarisation spectra of CH4 . Black (top) /  red (bottom) traces: 
signals due to JL*-pol and ||*-pol laser excitation. Green (middle) trace: p =  0.75 signal 
component extracted, isolating overtone band.
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from the theory. However, at the peak location of the branch («  2017 cm-1 ) a small 
signal is still visible. The depolarisation investigations of the hydrogen isotopologues in 
chapter 6 , showed that the line should not completely disappear, due to the solid angle 
contributions and imperfect cleanness of the laser beam induced by the cell windows. 
This residual signal appears to be larger than would be expected in this case. This can 
be explained as follows
• W hen assigning the line positions it becomes apparent tha t the line position of the 
Q-branch of C H ^i/i) almost exactly overlaps with the P - (J" =  9) line of C H i^ ) .
• By measuring the intensity pattern  of the neighbouring P -  lines (J " =  11, 8 , 7 and 
6 ) the expected intensity should be lower than the measured peak at «  2017 cm -1
• The theoretical/experimental ultra-high resolution spectra of the Q-branch of 
CH4(i/i), by Jourdanneau et al [Jou05], reveal that the bulk of the expected in­
tensity is within «  1cm -1 , centred at 2916.7 cm-1 . This width is the same order 
as the spectral resolution of the measurements here.
As a result, one can state tha t the observed peak in the ||* spectrum is a superposition 
of contributions from the P - (J" =  9) line of
Looking at the spectra in figure 7.1 in more detail, a few observations about the 
Raman spectrum of methane can be made. Firstly, the spectrum is dominated in the 
intensity domain, by the CTLj^i) Q-branch by about a factor of 30 with respect to the 
( ^ 4(1/3) Q-branches. Whereas, in the spectral domain the ( ^ 4(^3) rotational branches 
dominate.
Secondly, one would expect to observe the isotopologue 13CH4(^i), from the intensity 
point of view, as this should be «  1% of the l2CR±{v\) signal. However, the wavenumber 
shift of this isotopologue is only «  1cm -1  from the 12CH4(^i). This shift is not large 
enough to resolve the line at the measured resolution. The 1/3 band of the isotopologue 
13CH4 should be visible from a spectral shift point of view, as it is expected to be shifted 
by about 10 cm -1  closer to the laser wavelength than the corresponding 12CH4. Based 
on the expected isoptopologue amount of 1% of 12CH4, the Q+-branch signal amplitude 
would only be expected to have an intensity of approximately 30. This is visible as 
a tail of the 12CH4 Q° +  Q -  branches, and can be observed by expanding the scale 
in the relevant region in figure 7.1 as the background/shot noise in this area is only 
approximately 10 counts.
Thirdly, a small contribution from the CH4(2^2) overtone band is visible in the spec­
trum , with a signal amplitude of about half tha t of the ( ^ 4(^3) Q+-branch.
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Table 7.5: Intensities of Raman features of CH4 (in arb. units). For details on the 
acquisition param eters see text. The depolarisation ratios of the v\ and i/3 modes are 
calculated from the integrated intensities over the line profile(s) (pint) and from the 
central peak amplitude(s) (pAmp); the depolarisation ratio of the Qi-branch of the 2u2 
mode is derived from the total amplitude only, n /a  means not available and n =  noise.
V ib
m o d e
B a n d _L*-pol ir-poi P A m p P in t
detec
limit
P max(^l): 
«  100000
P min 
(2<rn):« 10
< 0.0001 n /a
v\
(2917cm-1)
all Q P:102230(108) 
/:930236
P:247(8) 
f : 2445
< 0.00242(8)
< 0.003
^3
(3019 cm-1)
Q+
Q+ + Q° + Q- 
S+(0) &  R+(2)
P°(4)
All P(4) 
full Us
P:3125(20) 
f : 6 2458 
P:478(8) 
/ :  5567 
P:513(8) 
/  :7333 
/  :109539
P:2344(18) 
/ :  47166 
P:359(7) 
f : 4205 
P:388(7) 
/  :5539 
/ : 82547
0.750(8)
0.751(19)
0.756(18)
0.7552
0.7553
0.7554
0.7550
2 v 2 
(3066 cm-1)
all Q P: 949(30) n :«  ±5 < 0.0053(30) n /a
^2
(1533 cm-1)
all Q
Lit
[Yu07]
M Q )
*^(Q)
1/3(0 , P,R,S)
0 .002(2)
0.752(3)
0.752(5) J = 6,7,8
Theory
^i(Q)
M Q )
1/3(0 , P,R,S)
0
0.75
0.75
7.3 .5  A n alysis  o f  th e  dep o larisa tion  m easu rem en ts o f  m eth an e
The depolarisation ratios of methane can be obtained from the analysis of the spectra 
displayed in figure 7.1. As stated above, the resultant spectra consist of an average 
(over nine individual spectral acquisitions each of 150 s) for each polarisation, where the 
spectral background and cosmic rays have been removed. The peak amplitude and area 
have been extracted from the three modes of the pentad system, namely the v \ , 1/3 and 
2v2 modes. The resultant amplitudes and depolarisation ratios for both are collated in 
table 7.5.
From the table, the following conclusions can be drawn
1. For the z/i-mode (symmetric stretch) and the 1/3-mode (asymmetric stretch) the 
depolarisation ratios are as expected, approaching zero and 0.75, respectively.
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2. The observed depolarisation ratio of the iq-mode gives an upper limit, since its 
Q-branch overlaps completely with the P - (J" =  9) line of Analysing 
the amplitudes of the neighbouring resolved P _ (J") (J"  =  4 ,5 ,6 , 7,8  and 11) lines 
suggests tha t the contribution from the P “ (J" =  9) line is above 30 — 40% of the 
signal at the relevant spectral location.
3. The depolarisation ratio of the overtone band 2v2 seems to be close to zero.
The values in the table could be brought closer to the theoretical values by applying 
the solid angle correction used in the depolarisation measurements of the hydrogen 
isotopologues. The laser beam cleanness would have to be calculated using one of the 
vz modes, as the v\ mode is not sufficiently resolved. However, as the uncertainty of the 
vz branch ratios is higher, very little can be gained by using the correction procedure 
here.
7.4 R am an spectroscopy o f carbon dioxide
The spectroscopy of carbon dioxide has been extensively covered in the literature (e.g. 
Langseth and Nielsen [Lan34], Garrabos et al [Gar80]). In atmospheric measurements 
it is the main greenhouse gas. To enable quantifiable measurements of the composition, 
the transition function of the molecule would need to be known accurately, as is the 
case for the hydrogen isotopologues (see chapter 6). Raman spectroscopy is an useful 
technique to use with carbon dioxide as the Raman bands are infra-red inactive and the 
infra-red active bands are Raman inactive, as is explained below.
7 .4 .1  I s o to p ic  c o m p o s i t io n  o f  c a r b o n  d io x id e
The main parent molecule of carbon dioxide is 12C 160 2 - Analogous to methane, there are 
also a number of isotopologues where the carbon or oxygen atom is replaced by one of the 
other isotopes of carbon or oxygen. If this discussion is limited to the isotopologues th a t 
could be observed in the atmosphere the isotopic ratios used for methane can be used. 
The abundances of the oxygen isotopes and the possible carbon dioxide isotopologues 
are shown in table 7.6.
The isotopic composition can be verified using Raman spectroscopy, by measuring 
the intensities of the observed isotopologues. The comparison is limited to like-for-like 
branches i.e. a ratio of the v\ branch of 13C16C>2 and the i>\ branch of 12C 160 2 - The 
reason for doing it this way can be explained by looking at the Raman intensity equation.
m p ’ J )  =  K v a(v0 -  OVij f g iN i^ (a 2, ' l2,0 ) l  (7.6)
As the measurements of the isotopologues are performed in the same sample, the laser
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Table 7.6: Isotopes in stable isotopologues of CO2 and resultant CO2 isotopologues 
Berglund and Wieser [Berll] and IIITRAN 2004 molecular spectroscopic database 
[Hit04]
Iso to p e M ass n u m b e r  /  am u N u c le a r  sp in A b u n d a n c e
160 15.995 0+ 0.99757
17o 16.999 5/2+ (Fermion) 3.80 x 10“4
180 17.999 0+ 2.05 x 10~3
i^Cie0 2 0.98420
12c 16o 18o 0.003947
12C16o 170 0.000734
13c 16o 2 0.01106
13c 16o 18o 0.000044
13c 16o 17o 0.000008
irradiance X is the same. The Raman lines are reasonably close together, so the as­
sumption can be made that the constant, K ,  is the same for both lines, as the spectral 
efficiency will not change much over this region and the Raman shift is approximately 
the same. As the isotopologues are similar, one can assume that the line strength func­
tions will be approximately the same for both isotopologues. This means that, if a ratio 
of two of the isotopologues within the same spectrum is taken giving:
h (0; p V )  w , 7)
i 2 (6 ',ps ,p 1) 9  i2Xi2
where the subscripts 1 and 2  denote separate isotopologues within the same spectrum. 
This gives sufficient information to compare the isotopic composition with the expected 
theoretical value.
7 .4.2 R o -v ib ra t io n a l e n e rg y  levels a n d  tr a n s i t io n s
Analogous to methane, the symmetry of carbon dioxide needs to be discussed to deter­
mine the expected Raman spectrum of carbon dioxide. Carbon dioxide is a triatomic 
molecule that is linear and symmetrical. It is in point group Doch and has a centre of 
symmetry. This means, from the rule of mutual exclusion, that transitions allowed in 
the infra-red are forbidden in the Raman spectrum and visa-versa. This, however, does 
not mean that, if a transition is forbidden in the Raman effect, it has to occur in the 
infra-red; transitions can be forbidden in both.
Molecules of point group have three fundamental vibrations, zq, 1^2 and ^3 , which 
correspond to the symmetry types £+, £+ and Ilu. The ^ 2  bending mode consists 
of two modes of the same frequency, which forms a degenerate pair. The theory of 
Herzberg [Her89] shows that the vibrational level of u\ is very close to the overtone of
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the vibrational level V2 he. 2^2 • This leads to an accidental degeneracy between the 
two vibrational levels, known as a Fermi resonance [Den40]. This leads to a shift in the 
observed vibrational level of v\ and 2 (one is shifted up, the other is shifted down) and 
two equally intense Raman lines are expected to be observed. The shift (perturbation) 
of the lines is caused by anharmonic vibrational coupling terms in the potential energy 
of the molecule [Ama65]. These lines can no longer be assigned directly to  v\ and 2^2, 
but are both mixtures of the two vibrational levels. The two levels are referred to as the 
Fermi diad [Ros95]. The true mixing occurs between the totally symmetric v\ (£+) and 
the symmetric part of the overtone 2^2- In full derivations of molecules of point group 
Dooh, there is also a contribution to point group 2^2 from the species A5. However, this 
is much weaker than the resonance described above, so is not usually observed in the 
Ram an spectrum of carbon dioxide.
Hot bands
Measured spectra of CO2, in the literature, show the Fermi diad has two bands th a t flank 
it. These bands are referred to as hot bands. The hot bands arise from transitions tha t 
start from excited vibrational energy states. Their population is induced by thermal 
energy in the molecules. Therefore, the intensity of hot bands is a function of the 
sample tem perature and the energy difference from the ground state. The hot bands 
also undergo Fermi resonance, which results in a shift from the expected locations.
Many studies have been performed that show the Fermi diad spacing is gas-density 
dependent (e.g. Howard-Lock and Stoicheff [HLo71], Wang et al [W anll]). For a full 
discussion on the spectrum of carbon dioxide the reader is referred to Herzberg [Her89]. 
The expected locations of the Fermi resonance of the two Raman bands, v\ and 21/2, 
along with the hot bands, are shown in table 7.7.
7 .4 .3  M easured  sp ectra
Raman spectra of carbon dioxide were recorded using the 90° Raman configuration, as 
used for the depolarisation measurements of the hydrogen isotopologues described in 
chapter 6 . The LARA cell was filled with approximately 1000 mbar of carbon dioxide. 
Twenty repeat Raman spectra each with a 1400 s exposure time, were taken for the _L* 
and ||* incident laser polarisation, using the high resolution (2400grpmm) grating of the 
SP500i spectrograph. The chosen acquisition time was selected to maximise the signal- 
to-noise ratio. The grating of the spectrometer was centred, so tha t the fundamental 
Fermi diad of the v\ and 2j/2 modes and the hot bands, as identified in table 7.7, can be 
observed. The background and cosmic rays were removed from the spectra, using the 
routines described in appendix A.6 . An averaged spectrum of three of the 20 repeats 
of the _L* polarisation is shown in figure 7.2. In the figure, the modes of the Fermi
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Table 7.7: Expected Raman shifts in the region of the Fermi diad of carbon dioxide and 
its isotopologues from the literature and the measured values from this work. * means 
convoluted with another line
Level /  B a n d R a m a n  sh ift cm R a m a n  sh ift cm 1 R a m a n  sh ift cm
lit [Ros95] lit [Dic29] obs
12C160 2
V\ 1388.2 1387.7 1387.72(15)
i/i, 1 -  2 1409.0 1408.4 1408.78(15)
i/i,2 — 3 1424.48(15)
2 V2 1285.4 1285.1 1284.58(15)
2^2,1 - 2 1264.8 1264.5 1264.12(15)*
2*/2, 2 — 3 1248.32(15)
13c 16o 2
V\ 1370.0 1369.00(15)
21>2 1264.12(15)*
12c 16o 18o
i/i 1366.52(15)
2 U2 1257.52(15)
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Figure 7.2: Raman depolarisation spectrum of C 0 2; only the _L*-polarised signal com­
ponent is shown, revealing isotopologues and vibrational hot bands.
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Table 7.8: Measured isototopologue abundances of the low abundance isotopologues 
of carbon dioxide compared with the expected theoretical value. The experimental 
uncertainty is in the last digit.
abundance
measured theoretical
13c 16o 2 /  12c 16o 2 
12c 16o 18o  /  12c 16o 2
0.01085(34)
0.00355(47)
0.01082
0.00401
diad, the corresponding hot bands and the Fermi diad of the isotopologues 13C16C>2 and 
12c 16o 18o  are observed. These are identified using the expected Ram an shifts from 
the literature included in table 7.7. For comparison purposes, the measured Raman 
shifts from this spectrum are also included in the table. This shows th a t these peaks do 
correspond to  the values in the literature. A point to note is tha t an exact match is not 
necessarily expected, as the Fermi diad spacing is affected by the density of the gas in 
question.
The intensities of this measured spectrum are extracted and the isotopologue abun­
dance can be calculated for the low abundance isotopologues, 13C 1602  and 12C160 180 . 
The measured isotopologue abundances are collated in table 7.8 and compared with the 
theoretical values. The comparison shows that the isotopologue abundances are in good 
agreement with the expected theoretical value. Both of the measured values agree with 
the theoretical values, within the experimental uncertainty.
The Fermi diad bands in the Raman spectrum of CO2 are dependent on the particle 
density of the sample. The Raman shift decreases with increasing density and the 2v<i 
band location is more dependent on the gas density than the v\ band. The intensity 
ratio Iv 1 : I 2v2 increases with density, i.e. the intensity of the v\ band increases and the 
intensity of the 2u2 band decreases [Gar80]. In most cases, this shift could be directly 
related to the environment of the gas mixture. However, in the case of CO2, the shifts 
are more complicated due to the Fermi resonance of the two bands and the observed lines 
are both mixtures of the states v\ and 2v2. Rosso and Bodnar [Ros95] state that, for 
the pressure range in use (which is the same as here), the known nature of the coupling 
phenomenon can be used to describe the changes to  the individual 2v2 and v\ excited 
states; this is beyond the scope of this work and will not be discussed further here.
By extracting the intensity from the hot bands and calculating the intensity ratio 
between the hot bands and the normal ground state excitation, the tem perature of the 
sample can be extracted. This is because the population of the vibrational states in the 
sample is governed by the Boltzmann distribution, which depends on the tem perature 
of the sample. Following the theory of Rosso and Bodnar, the intensity ratio of the hot
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bands is
-fi/1,1—2 + h u 2, \ -2  (^0 -  ^1/1 ,1 - 2 ) 4  +  (^0 -  ^2t/2, l - 2 ) 4 -hcu2/kT  o \
I ^ + h *  (^ o - ^ ) 4 + ^ o - ^ 2)4 1/2 1 '
The intensities are taken as the areas under the band peaks, h is planks constant, c is 
the speed of light (cm/s), v2 is the frequency of the Raman shift of the mode, u U2 = 2 
is the degeneracy of the V2  mode of CO2 and the v  terms are the observed frequencies 
of the lines in units of cm-1 . Rearranging the equation leads to the tem perature of the 
sample. The tem perature has been calculated for three situations
• The situation as highlighted in equation (7.8),
• The ratio of the v\ hot band only,
• The ratio of the 2v2 hot band only.
This leads to tem peratures of T  = 31.75 °C, T  =  35.56 °C and T  = 26.05 °C, respec­
tively. The accuracy of the measurement of the tem perature is reduced, due to  the 
increased complexity of the Raman band structure, caused by the Fermi diad coupling. 
Even though the accuracy of this measurement appears to be quite low, the average of 
the calculated tem peratures are a few degrees above room tem perature. This may reflect 
the elevated tem perature in the Raman enclosure. This was not monitored during the 
measurement, so it cannot be verified.
7.4 .4  A n alysis  o f  th e  dep o larisa tion  ra tios o f  carbon  d iox id e
The depolarisation ratios of carbon dioxide can be calculated from the measured data  
described above. The peak amplitude and peak area for the labelled peaks were ex­
tracted after the background and cosmic rays were removed from the spectra for the 
main isotopologue of carbon dioxide. The observed depolarisation ratio was then calcu­
lated from the intensities of the _Ll and \\l measurements. The measured intensities and 
depolarisation ratios are collated in table 7.9. The quoted depolarisation ratios are the 
observed values. Note tha t these have not been corrected for laser beam cleanness or 
the geometry, as described in chapters 3 and 6 . To obtain the observed depolarisation 
ratio of the O 1/ P 1 { v \ )  lines, multiple lines have been averaged. This is not trivial, due 
to the overlap of the counter-running branches from the v \  and 2^  modes, which results 
in a lower accuracy in the measurement of the depolarisation ratio.
The observed depolarisation ratios can be compared with those repeated in the liter­
ature. As the peaks in the Fermi diad region are the result of the interaction between 
two vibrational states, the peaks cannot be said to be purely v \  or purely 2 1^ 2 - This 
potentially complicates the expected depolarisation ratio. When comparing with the lit­
erature, a point to note is tha t most literature depolarisation measurements of CO2 are
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Table 7.9: Measured intensities and depolarisation ratios of the main carbon dioxide 
isotopologue.
L evel /  B a n d cm 1 I d / | | i Pobs Put
12c 16o 2 [Dan81]
v\ 1387.72(15) 94457(308) 3240(61) 0.0343(7) 0.027
i/ i , l  — 2 1408.78(15) 8433(95) 292(28) 0.03463(33) 0.081
2^2 1284.58(15) 64241(254) 2893(57) 0.0450(9) 0.044
2^ , l - 2 1264.12(15)* 5195(76) 237(25) 0.0456(49) 0.127
O i / P i M var var var «  0.759(14) 0.750
looking at a slightly different depolarisation ratio i.e. p =  J s,±1 rather than p =
* j_ s  j_z _LS _L*
For diatomic molecules in the SPOSA approximation this ratio is the same (see chapter 
6). However, in the ESSA approximation the ratios are different due to the introduction 
of the (p dependence. So it can be assumed that this will also be the case for molecules 
th a t are not diatomic. The literature values of the depolarisation ratio of the Fermi 
diad of carbon dioxide axe collated in table 7.9. The values show that the observed 
O i/P i  depolarisation ratio agrees with the literature value, within the experimental un­
certainty. The literature values for the u\ and 2i/2 branches are relatively close together. 
However, they do not agree within the experimental uncertainty. It appears tha t the 
depolarisation ratio of carbon dioxide has been studied less in the literature. The depo­
larisation measurements of the observed hot bands disagree with the literature value. It 
can be assumed that the measured values in this work are slightly higher than the true 
values. The correction routine, described in chapters 3 and 6 , would have to be applied 
to correct for polarisation aberrations and the collection solid angle to produce values 
th a t can be compared with any future theoretical calculations in the literature.
7.5 R am an spectroscopy of nitrogen
Nitrogen is the main constituent of air and this may be used as a reference marker when 
measuring atmospheric gas mixtures. It is a diatomic molecule, so the theory of Raman 
spectroscopy is the same as that used for the diatomic hydrogen isotopologues.
7 .5 .1  Iso top ic  com p osition  o f  n itrogen
The two naturally occurring stable isotopes of nitrogen are 14N and 15N. In a similar 
way to the hydrogen isotopologues these combine to form three isotopologues, 14N14N, 
14N 15N and 15N15N. The physical properties of the isotopes and isotopologues are 
collated in table 7.10. The table shows that the expected abundance of the isotopologue 
15N 15N will be below the detection limit of the LARA system. However, the abundance
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Table 7.10: Physical properties of nitrogen atoms and molecules. //./ corresponds to the 
reduced mass of the isotopologue and pi is the reduced mass of 14N14N.
Iso to p e
Iso to p o lo g u e
A b u n d a n c e M ass 
n u m b e r  M
R ed u ced  m ass /i
x 1.6610-27 kg P = V ( p i / p i )
14n 0.99636 14.003
15n 0.00364 15.000
#1 14n 14n 0.99272 0.14283
#2  14N15N 0.00726 0.13808 0.98323
# 3  15N15N «  0.00002 0.13333 0.96617
of the 14N15N isotopologue should be detectable using Raman spectroscopy. To do this 
the Raman line position locations need to be known.
7 .5 .2  R o -v ib ra tio n a l e n e rg y  levels a n d  t r a n s i t io n s
As stated above, nitrogen is a diatomic molecule, which means that the same theory 
used to find the Raman lines of the hydrogen isotopologues can be applied. The Raman 
band positions can be calculated using the formulae summarised in chapter 2. For hot 
bands to be considered, the anliarmonicity needs to be introduced to the system. This 
changes the vibrational term of the diatomic molecule to
G(v) = (v + l /2 ) ve — (u + \ / 2 ) 2vex e (7.9)
where ve is the harmonic vibration wavenumber and vex e is the 1st anharmonicity 
correction. If the selection rule for the diatomic molecules used here of A v  =  +1 is 
considered, the pure vibrational Raman shift Pvjb — ( G 1 — G " )  is
i'Vib = Ve -  2(v + l)PeXe (7-10)
where v is the vibrational quantum number of the initial state. For the normal Qi-branch 
transition v — 0 and for the hot band v  =  1.
The spectroscopic constants that are required to calculate the line positions of nitrogen 
are collated in table 7.11. The spectroscopic constants can be substituted into the 
equations for the Raman line positions of diatomic molecules in chapter 2, taking into 
account the definition of the vibrational constant in equation (7.10). The and Djy 
terms are defined in terms of B e and a e as
B„ =  B c -  a e(v + i )  (7.11)
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Table 7.11: Spectroscopic constants for the nitrogen and oxygen isotopologues (in units 
of cm-1 ). 14N14N values from Herzberg [Her50], 160 160  from Laher and Gilmore
[Lah91]. The heavier isotopologue values are rescaled using reduced mass ratio p from 
table 7.10 and 7.14.
Iso to p o lo g u e Ve Pex e VeVe B e O-e
l4N14N 2359.61 14.456 7.51 x 10-2 2.010 1.87 x 10-2
14n 15n 2320.04 13.975 7.14 x 10-3 1.943 1.78 x 10-2
16o 16o 1580.390 12.112 0.0754 1.44510 0.01523
160 170 1556.889 11.754 0.0721 1.40244 0.01456
160 180 1535.776 11.438 0.0692 1.36466 0.1398
(7.12)
(7.13)
This then leads to the line positions of the Qj-, Si- and Oi-branches of the nitro­
gen isotopologues, which are collated in table 7.12. The calculation for the 14N15N 
isotopologue has only been performed for the Q-branch, as the intensity of the S- and 
O-branches is approximately a factor of 50 lower than the Q-branch, so they will not be 
detectable in the LARA system in Swansea.
The same calculation can be applied for the hot bands of the Q-branches of the 
isotopologues. The hot band of the Q-branch of the 14N14N has been calculated for 
J=0, where the initial state is v = 1 and is calculated to start at 2301.786 cm-1 .
7.5 .3  M easured  sp ectra
Raman spectra of nitrogen have been taken in the 90° Raman configuration. The mea­
surement setup was the same as that used for the depolarisation measurements of the 
hydrogen isotopologues, described in chapter 6 . The LARA cell was filled with air, i.e. 
the valves of the cell were opened. Three repeat Raman spectra with a 900 s acquisition 
time were taken for the _L1 and ||z incident laser polarisation, using the high resolu­
tion (2400gr/mm) grating of the SP500i spectrograph, centred at 607 nm, which is the 
approximate location of the Qi-peak of nitrogen when using 532 nm exciting radiation 
(532nm =  18796.99cm-1 , AP = 18796.99 -  2330.7 =  16466.29cm-1 =  607.301 nm). 
The background and cosmic rays were removed from the spectra, using the routines 
described in appendix A.6 . Averaged spectra of the I 1 and ||l polarisation excitation 
are shown in figure 7.3.
In the figure, the Q-branch of the main isotopologue of nitrogen is the dominant
and
4B 3 n  = __ —‘L'l/ — 9
where [Hos75]
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Figure 7.3: Raman spectra for N2 in air (at atmospheric pressure), for ||l- and l 1- 
polarisation excitation with 532nm laser (Piaser =  2W). The isotopologue 14N15N 
Qi-peak (blue trace) has been scaled and position-fitted using the 14N14N Qi-peak.
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Table 7.12: Raman shift of the nitrogen isotopologues (in units of cm-1)
14n 14n 14n 15n
J Q i Si Oi Q i
0 2 3 3 0 .6 9 8 2 3 4 2 .5 8 9 - 2 2 9 2 .0 9 0
1 2 3 3 0 .6 6 1 2 3 5 4 .4 8 1 - 2 2 9 2 .0 5 4
2 2 3 3 0 .5 8 6 2 3 6 6 .3 3 4 2 3 1 8 .6 9 4 2 2 9 1 .9 8 3
3 2 3 3 0 .4 7 4 2 3 7 8 .1 4 8 2 3 1 0 .6 5 5 2 2 9 1 .8 7 6
4 2 3 3 0 .3 2 4 2 3 8 9 .9 2 4 2 3 0 2 .5 7 9 2 2 9 1 .7 3 4
5 2 3 3 0 .1 3 7 2 4 0 1 .6 6 1 2 2 9 4 .4 6 6 2 2 9 1 .5 5 6
6 2 3 2 9 .9 1 3 2 4 1 3 .3 5 9 2 2 8 6 .3 1 8 2 2 9 1 .3 4 2
7 2 3 2 9 .6 5 1 2 4 2 5 .0 1 7 2 2 7 8 .1 3 3 2 2 9 1 .0 9 3
8 2 3 2 9 .3 5 2 2 4 3 6 .6 3 6 2 2 6 9 .9 1 3 2 2 9 0 .8 0 8
9 2 3 2 9 .0 1 5 2 4 4 8 .2 1 5 2 2 6 1 .6 5 8 2 2 9 0 .4 8 8
10 2 3 2 8 .6 4 1 2 4 5 9 .7 5 3 2 2 5 3 .3 6 7 2 2 9 0 .1 3 2
11 2 3 2 8 .2 3 0 2 4 7 1 .2 5 1 2 2 4 5 .0 4 2 2 2 8 9 .7 4 1
12 2 3 2 7 .7 8 1 2 4 8 2 .7 0 8 2 2 3 6 .6 8 3 2 2 8 9 .3 1 4
13 2 3 2 7 .2 9 5 2 4 9 4 .1 2 3 2 2 2 8 .2 8 9 2 2 8 8 .8 5 1
Table 7.13: Intensities of Raman features for N2 (in arb. units). Depolarisation ratios 
for the Oi/Si-branches are averages over 17 individual lines, that for the Qi-branch is 
derived from three averaged spectra. The depolarisation ratios are calculated from peak 
amplitudes. The isotopologue-peak ratio reflects the relative abundance within the error 
bars. Error values relate to last significant digit.
Iso topologue Qi-peak 14Nl5N /14N14N Qi-peak Pobs Pobs
_Ll-pol peak ratio ll’-pol Q i O1 /S 1
14n 14n 17510(130) 400(12) 0.02284(72) 0.757(12)
14N15N 133(10) 0.00760(57)
feature; the Si- and Oi-branch lines up to J"  > 10 can be easily followed. The Q- 
branch of the low abundance isotopologue, 14N15N, is also visible in the spectrum. 
The identification is helped by observing that the feature at 2291.1cm-1 depolarises 
(disappears) when the polarisation is switched to |jl polarisation. This identification can 
be made even clearer by taking advantage of the fact that the depolarisation ratio of the 
Si- and Oi-branches is 0.75 and removing them from the A.1 polarisation spectrum by 
subtracting |  Jyi from the spectrum. This removes all lines which have a depolarisation 
ratio of 0.75, leaving the Q-branches isolated.
The intensities of the measured Q-branches are extracted from the uncorrected spec­
trum, so the abundance of the 14N15N can be calculated. The extracted intensities and 
isotopologue abundance are collated in table 7.13. The table shows the measured rela­
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tive abundance of the 14N15N isotopologue. This can be compared with the theoretical 
relative abundance in table 7.10 by converting the true abundance to a relative theo­
retical abundance, which gives 0.00726/0.99272 =  0.00731. This value agrees with the 
measured value in table 7.13, within the experimental uncertainty.
7.5.4 Analysis o f the depolarisation ratios o f nitrogen
The depolarisation ratios of nitrogen can be calculated from the measured data described 
above. Due to the convolution of the Q-branch with the Oi (J =  2) line, the peak signal 
amplitude has only been extracted. To calculate the depolarisation ratio of the low 
intensity Si- and Oi-branches, 17 of the individual lines have been averaged. The 
calculated values are collated in table 7.13.
The measured depolarisation ratio of the Oi- and Si-branches agrees with the the­
oretical value of 0.75, within the experimental uncertainty. The measured value of the 
Q-branch is in the same range as the other measured values in the literature (0.02 to
0.028 [Dan81]). Another example of the depolarisation ratio contained in the litera­
ture is that stated by Mayer et al [May03], which equals 0.022. This value is in good 
agreement with the one obtained here in this work.
A point to note is that the quoted depolarisation ratios axe the observed values. They 
have not been corrected for the laser beam cleanness, and the collection geometry; thus, 
these depolarisation ratios have to be seen as an upper limit of the true value. The 
uncertainty in the measured depolarisation ratio of the Oi- and Si-branches is too large 
to use this as a “true” value (i.e. 0.75) to apply the correction method.
Calculations of the average polarisability and anisotropy have been performed in the 
literature for nitrogen and oxygen [Bul03]; equations are given which enable one to cal­
culate the matrix elements and theoretical depolarisation ratio, along with uncertainties. 
The equations to perform the calculation are included in appendix A.5. The result gives 
a theoretical depolarisation ratio for nitrogen of ptheo =  0.0241(101). The uncertainty 
of this value is large (42% of the measured value). It does mean that the measured 
value obtained here, of pQbs =  0.02284(72), agrees with the theoretical value, within 
its uncertainty. However, the uncertainties in the theory are too large to be useful for 
quantitative applications. For a proper comparison, a more accurate ab-initio calcu­
lation would need to be performed, along the lines of that of LeRoy for the hydrogen 
isotopologues [LRoy88].
7.6 R am an spectroscopy o f oxygen
Oxygen is the second most abundant constituent of air. Its use in combustion experi­
ments means it also requires monitoring in many applications (see for e.g. Wehremeyer 
et al [Weh92] or Fernandez et al [Fer06]). It is a diatomic molecule so the theory of
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Table 7.14: Physical properties of oxygen molecules. Isotopologue abundance according 
to [Hit04].
Iso topologue A bundance N uclear spin
Jodd : Jeven
R educed  mass fi
(amu) P =  V(Pi/Pi)
#1  16o 16o 0.995262 -feven —J" = 0 7.9975
# 2  160 170 0.000742 8.2408 0.98513
# 3  160 180 0.003991 leven —J" = 0 8.4689 0.97177
Raman spectroscopy is the same as that used for the diatomic hydrogen isotopologues 
and the extension applied to nitrogen required to derive the hot band location.
7.6 .1  Iso top ic  com p osition  o f oxygen
The three naturally occurring stable isotopes are 160 , 170  and 180. In a similar way 
to nitrogen and the hydrogen isotopologues, these isotopes combine to form multiple 
isotopologues. The three with a sufficiently high abundance to be detected by the 
KATRIN LARA system are 160 160 , 160 170  and lb0 180 . The physical properties of 
the isotopes are collated in table 7.6, in the section when carbon dioxide was discussed 
above. The physical properties of (he isotopologues are collated in table 7.14. The table 
shows that the abundances of the two minor isotopologues are large enough that they 
should be detectable in the LARA setup, as long as the signal of the main Raman peak 
of oxygen is maximised. This means that the isotopic composition of the 1()0 I(0  and 
H)0 180  should be able to be verified using Raman spectroscopy. To do this, the location 
of the Raman lines needs to be calculated, to determine that they are resolvable from 
the Qi-brancli of the main H)O lbO isotopologue.
7.6 .2  R o-v ib ration al energy levels and transitions
As stated above, oxygen is a diatomic molecule, which means the same theory that has 
been used to describe the hydrogen isotopologues and nitrogen can be applied. The 
Raman band positions can be calculated using the formulae summarised in chapter 2, 
with the changes required to calculate the hot band positions, which were discussed 
for nitrogen in section 7.5.2 above. The spectroscopic constants that are required to 
calculate the line positions of the oxygen isotopologues are collated in table 7.11. The 
same method, as used in section 7.5.2, can be used to determine the line positions of the 
Qi-, Si- and Oi-branches of the oxygen isotopologues. The calculation for the minor 
isotopologues has only been performed for the Qi-brancli, as the intensity of the Sj- and 
Oi-branches will be too low to be detected in the LARA system. The line positions are 
collated in table 7.15.
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Table 7.15: Raman shift of the oxygen isotopologues (in units of cm 1). Note that due 
to the spin of the 160 160  and 160 180  the even J-numbered transition lines disappear.
"■o™o 16o 17o - K T o ^ )
J Qi Si Oi Qi Qi
0
1 1556.136 1573.232 1533.352 1512.872
2 1533.294
3 1555.983 1590.205 1541.761 1533.206 1512.732
4 1533.090
5 1555.709 1607.052 1530.112 1532.944 1512.481
G 1532.769
7 1555.313 1623.771 1518.345 1532.566 1512.117
8 1532.333
9 1554.795 1640.360 1506.463 1532.071 1511.642
10 1531.779
11 1554.156 1656.817 1494.466 1531.459 1511.055
12 1531.110
13 1553.394 1673.142 1482.357 1530.731 1510.356
14 1530.324
15 1552.511 1689.330 1470.138 1529.887 1509.545
16 1529.421
17 1551.506 1705.382 1457.811 1528.926 1508.622
18 1528.402
19 1550.379 1721.295 1445.377 1527.849 1507.588
20 1527.266
21 1549.131 1737.067 1432.839 1526.655 1506.442
22 1526.015
23 1547.760 1752.697 1420.198 1525.345 1505.184
24 1524.646
25 1546.268 1768.182 1407.456 1523.919 1503.814
26 1523.162
27 1544.654 1783.521 1394.615 1522.376 1502.333
28 1521.561
29 1542.919 1798.712 1381.677 1520.717 1500.74
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Table 7.16: Intensities of Raman features of O2 (in arb. units). Depolarisation ratios 
for the Oi/Si-branches are averages over 21 individual lines. The Qi-branch value is 
derived from three averaged spectra. The isotopologue-peak ratio reflects the relative 
abundance within the error bars. Error values relate to last significant digit.
Iso topologue Qi-peak
_L*-pol
Qi-peak
ll^pol
16o x o  /  160 180
peak ratio
Pobs
Qi (int)
Pobs
O 1 /S 1 (int)
16o 16o 9 3 0 0 ( 1 4 ) 4 7 7 ( 4 ) 0 .0 5 1 2 9 ( 3 5 ) 0 .7 6 2 ( 9 )
160 170 1 3 ( 1 ) 0 .0 0 1 4 3 ( 1 1 )
lb 0 180 3 7 ( 1 ) 0 .0 0 4 0 2 ( 1 0 )
The same calculation can be applied to calculate the hot bands of the Q-branches 
of the isotopologues. The starting position of the hot band for the Qi branch of the 
160 160  isotopologue has been calculated by setting J=0 where the initial state is the 
v = 1 state. The expected line position is found to be at 1531.942 cm-1 . Note that this 
line shouldn’t be populated, due to the degeneracy of oxygen related to its nuclear spin, 
but it gives an indication of the hot band’s location.
7.6.3 M easured spectra
Raman spectra of oxygen have been taken in the 90° Raman configuration. The mea­
surement setup was the same as that used for the depolarisation measurements of the 
hydrogen isotopologues, in chapter 6. The LARA cell was filled with «  1080 mbar of 
oxygen gas. Seven repeat Raman spectra each with a 900 s acquisition time, were taken 
for the _Ll and ||* incident laser polarisation, using the high resolution (2400gr/mm) 
grating of the SP500i spectrograph, centred at 580 nm. This is the approximate loca­
tion of the Qi peak of oxygen when using 532 nm exciting radiation. The background 
and cosmic rays were removed from the spectra using the routines described in appendix 
A.6.
Averaged spectra of the _Ll and ||l polarisation excitation are shown in figure 7.4. In 
the figure, the Q-branch of the main isotopologue of oxygen 160 160  is easy to identify, 
along with the Si- and Oi branches up to J" = 27; the Q-branches of the low abundance 
isotopologues 160 170  and 160 lsO are also visible. The identification becomes clearer 
in the bottom panel of the figure where the branches with a depolarisation ratio of 0.75 
have been removed using the method described in section 7.5.3, leaving the depolarising 
branches isolated. The 160 170  peak overlaps, within < 1cm-1 , with the hot-band 
v" = 1 to v' =  2 of the 160 160  isotopologue.
The intensities of the Q-branches have been extracted from the uncorrected spec­
trum so that the abundance of the isotopologues can be calculated. The extracted 
intensities and isotopic abundances are collated in table 7.16. The table contains the
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Figure 7.4: Raman spectra of O2 , measured for ||*- and J_?-polarisation excitation with 
53211111 laser (2W). Note that the isotopologue 160 180  signal reflects, within the mea­
surement accuracy, its natural abundance relative to the 160 lbO signal. The 160 170  
peak overlaps, within < 1 cm-1 , with the hot-band v" =  1 to v' =  2 of lb0 160; within the 
measurement accuracy the signal amplitude reflects the expected theoretical summary 
abundance. Note that, because the spin /  =  0 for 160 . all even numbered transition 
lines in the Si- and Oj- branches of 160 160  are missing.
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measured relative abundances of the 160 170  and 160 180  isotopologues. These can be 
compared with the theoretical values in table 7.14, by converting the true abundance 
to the relative theoretical abundance. This gives 0.003991/0.995262 =  0.00401 and
0.000742/0.995262 =  0.000746 for 160 180  and 160 170  respectively. The 160 180  value 
agrees with the measured value, within the experimental uncertainty. However, the 
160 170  measured value is slightly larger than the expected value. This is caused by the 
overlap with the hot-band of the 16OieO isotopologue as stated above.
7.6.4 A nalysis o f the depolarisation ratios o f oxygen
The depolarisation ratios can be calculated from the measured data, described above. 
The depolarisation ratios have only been calculated for the 160 160  isotopologue, as the 
||z data of the other isotopologues is lost in the noise. To calculate the depolarisation 
ratio of the low intensity Si- and Oi-branches, 21 of the individual lines have been 
averaged. The calculated values are collated in table 7.16.
The measured depolarisation ratio of the Si- and Oi-branches is slightly out from the 
expected theoretical value of 0.75, if the quoted experimental uncertainty is considered. 
The reason for this is that the solid angle causes a slight increase to the observed 
depolarisation ratio, as described for the hydrogen isotopologues in chapter 6. The 
measured value of the Q-branch is in the same range as the values in the literature 
(0.043 to 0.061 [Dan81]).
A point to note is that the quoted depolarisation ratios are observed values. These 
values have not been corrected for the laser beam cleanness and the collection geometry 
observed in the depolarisation measurements of the hydrogen isotopologues in chapter
6. The observed depolarisation ratio can be seen as an upper limit on the true value. 
The uncertainty in the known depolarisation ratio of the Oi- and Si-branches, in this 
measurement, is quite large. If this was used as the “true” value in the correction 
method, this uncertainty would propagate through and lead to a larger uncertainty in 
the corrected values.
As described in the nitrogen analysis section, calculations of the average polarisability 
and anisotropy have been performed for oxygen [Bul03], along with uncertainties. The 
equations to perform the calculation are included in appendix A.5. The result gives 
a theoretical depolarisation ratio for oxygen of ptheo =  0.0548(285). The uncertainty 
in this value is large, as is the case in the nitrogen calculation. However, the large 
uncertainty does mean that the theoretical value certainly agrees with the observed 
value pobs — 0.05129(35), within the calculated uncertainty. As is the case for the 
nitrogen calculation, these uncertainties are too large for the calculated polarisability 
matrix elements to be useful for quantitative applications. For a proper comparison, a 
more accurate ab-initio calculation would need to be performed for oxygen, along the 
lines of that of LeRoy for the hydrogen isotopologues [LRoy88].
Chapter 8
Ram an beyond K A TR IN
8.1 C hapter overview
In this chapter various test setups have been investigated to improve sensitivity of Raman 
spectroscopy, beyond the scope of the KATRIN experiment. The main techniques that 
are discussed are: 0° (forward scattering), 180° (backward scattering) and capillary 
Raman spectroscopy.
The various test measurements are discussed in detail, starting with the initial inves­
tigation showing that 0° Raman has the potential of increasing the spectral sensitivity, 
culminating in an optimised capillary Raman setup that increases the Raman signal by 
two orders of magnitude.
As the observation of Raman light is in the same direction as the laser excitation, 
Raman and fluorescence light originating from optical components in the laser beam 
always contribute to the observed scattering light intensity. Therefore, fluorescence test 
measurements have been performed that demonstrate that the fluorescence from a BK7 
optic is higher than an equivalent calcium fluoride optic. The thickness appears to be 
the dominant factor, therefore a thin calcium fluoride window was used in the capillary 
cell and the thinner BK7 lens was used to focus the laser light into the cell. It was 
shown that the intensity of the fluorescence from a quartz window is approximately the 
same as that from a calcium fluoride window. The observed fluorescence intensity from 
the capillary Raman setup has been shown to vary linearly with laser power.
Test measurements have shown that focussing the light onto the capillary cell correctly 
has a strong effect on the intensity of the observed Raman scattered light. For a 25.4 mm 
diameter lens, the maximum Raman intensity was obtained when a /  =  100 mm length 
lens was used. The beam size incident on the lens also influences the intensity of the 
Raman light collected. The maximum Raman intensity was found when the laser beam 
was not expanded.
Furthermore, it has been shown that the Raman signal from the capillary setup
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increased by a factor of two when the collection “slit-to-slit” fibre bundle was replaced 
with a new CeramOptec “dot-to-slit” fibre bundle.
The sensitivity increase has been demonstrated with the “final” optimal capillary 
Raman setup; carbon dioxide can be detected in air with short light collection times. 
Capillary Raman spectra of pure deuterium have also been measured successfully, with 
short acquisition times of less than 3 s reaching detection limits of «  0.21%, demonstrat­
ing the feasibility of using the setup with the hydrogen isotopologues.
Capillary Raman spectroscopy has been found to produce Raman signals that are a 
factor of 170 higher than single-pass 90° Raman, when comparing the Raman Qi-branch 
of nitrogen in air. The increase in the signal-to-noise ratio (SNR) is between a factor 
of 9 (five averaged 2s acquisitions) and 24 (five averaged 0.2s acquisitions). There is 
potential to reduce the noise further without attenuating the signal, improving the SNR.
8.2 Introduction
In this chapter, the measurements beyond the scope of laser Raman spectroscopy for 
the KATRIN experiment will be discussed.
The main aim of the investigation was to find whether it is feasible to improve the 
sensitivity of the Raman system beyond that of the one used for the KATRIN exper­
iment. Various non-linear Raman enhancement techniques have been reported in the 
literature, such as: coherent anti Stokes Raman scattering (CARS); stimulated Ra­
man scattering (SRS); and photoacoustic Raman scattering (PARS) ([Bar79], [WittOO], 
[Owy78]). These techniques have reported detection limits on the ppm level [Oki99], but 
they make use of pulsed laser sources, which are relatively expensive. Also, with tech­
niques such as PARS, a medium is required for the sound wave to propagate through, 
meaning that the sensitivity may be affected in low pressure gas measurements, as is 
the case in KATRIN-like measurements.
Other enhancement techniques are reported in the literature that extend the scatter­
ing region of forward Raman scattering configurations. This has the potential to improve 
the signal compared to the 90° Raman measurements, described in chapters 5, 6 and 
7 of this work; by collecting the scattered light from forward (and backward) Raman 
over an extended length of the laser beam, compared to the 6 mm length collected in 
the LARA setup for KATRIN. This increases the number of excited particles, iV*, in the 
Raman intensity equation (equation (8.1)) and thus increases the measured intensity. 
The scattering length can either be enhanced using a true multi-pass cell or an inno­
vative capillary configuration. Based on the work of the groups of Okita et al [OkitlO] 
and Buric et al [Bur09], [BurlO] the possible enhancement from using a capillary as a 
Raman cell is a factor of 20 [Pea08] (over their standard fibre optic probe) and can be 
used with a variety of gases. This, along with the cost of the additional parts being
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fairly low, makes it a good method to test.
The following enhancement methods and measurements will be discussed in this chap­
ter:
1. Forward and backward Raman scattering,
2. Capillary Raman spectroscopy
8.3 Forward and backward R am an scattering
All enhancement test measurements in this work are performed using diatomic gases. 
Therefore, the principal theory of Raman scattering of diatomic molecules, described 
in chapters 2 and 3 applies. The minor differences between the theory for the different 
configurations will now be considered.
8.3.1 T heory differences
The intensity of Raman scattered light from a diatomic molecule is given by
I(9;ps,pl) = ki)i70(i7o -  i>v,j)3giNi$(a2,7 2,6)1  (8.1)
This is the same as the equation used for 90° Raman scattering, the difference being 
that for forward Raman 6 = 0° and for backward Raman 6 = 180°.
The change in the angle only affects the line strength function. As the line strength 
function has been derived in full in chapter 3, this variation can be quantified. How­
ever, the line strength functions are defined in terms of the polarisation direction of 
the incident and scattered beams relative to the scattering plane. In the forward and 
backward Raman configurations, rotating the polarisation of the incident beam does not 
change the polarisation direction relative to the scattering plane (it is either forwards or 
backwards), due to the rotational symmetry of forward and backward scattering. This 
means that the intensity of the scattered light will not be as strongly dependent on the 
laser beam polarisation, as is shown in chapter 6 for the 90° configuration. However, 
this aspect will not be considered any further here.
The term that influences the sensitivity change between 90° Raman scattering and 
forward/backward Raman scattering is N, which is directly proportional to the number 
of particles illuminated by the laser beam, over which the scattered light is collected. In 
the 90° configuration the imaging only occurs over a 6 mm long region. In a forward or 
backward configuration the scattered light is collected along the direction of the laser 
beam. Thus scattering occurs over the entire length of the laser beam. The amount of 
light collected is governed by the solid angle of the collection lens. This will potentially 
collect more scattered light than the 90° configuration.
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Figure 8.1: Sketch of initial forward Raman test setup. The fibre bundle was mounted
in a x-y-z mount and its position was optimised
The fluorescence induced by the high powered laser beam passing through optics will
need to be considered. As the collection of the scattered light is in the same direction as 
the laser beam propagation, this fluorescence will also be collected. This will influence 
the measured spectrum as a non-linear spectral background and increase the noise.
The best way to verify the changes between the standard 90° Raman and forward (or 
backward) Raman is to optimise a setup for forward Raman scattering. This will then 
give a baseline to compare the later improvement from capillary Raman. The measure­
ment setup for the forward Raman measurements is discussed in the next section.
8.3 .2  M easurem ent setu p
The Raman setup for forward Raman measurements has been gradually optimised as a 
result of the various test measurements. For the first proof-of-principle test of Forward 
Raman, the LARA 3 setup in KIT wTas modified. To minimise disruption to the setup, 
most of the optical components in the beam path before the LARA cell were kept in 
place. An additional Razor Edge filter was placed in front of the fibre bundle, to prevent 
interactions of the laser light in the fused silica of the fibre. The resultant setup is found 
in figure 8.1.
A similar optimised setup was built in Swansea; this is shown in figure 8.2. To change 
from this setup to the one for backward Raman, the laser line filter is removed and all 
optics before this are swapped with the HR 350-700nm mirror. The housing for the 45° 
edge filter is described in chapter 4.
The measurements are described in the next sections. Please note that all raw spectra 
have had any cosmic rays removed using the TCRR, routine described in appendix 
A.6, and the multiple spectral regions have been combined (summed) to produce one 
resultant spectrum. When a spectral background is removed, the SCARF routine has 
been implemented (included in appendix A.6).
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Figure 8.2: Sketch of optimised setup for forward Raman measurements. Note: the 
Galilean telescope is optional.
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Figure 8.3: Raw spectra of 90° and 0° Raman setups. Note that tiie features < 567 nm 
in the 0° Raman spectrum are suppressed by the dichroic beam splitter.
8 .3 .3  In itia l m easurem ents in KIT
The first measurements of forward Raman scattering, using the setup in figure 8.1, 
were performed with a II2 , HD, D2 mixture in the LARA cell. The measured forward 
Raman spectra were compared with 90° Raman spectra, recorded using the same cell 
filling. Both measurements have been performed using the PIXIS detector with the same 
settings; 3 s acquisition time, gain 3, 100 kHz readout rate, and the same laser power of 
approximately 2W. For both setups the fibre mount was optimised (in x  — y -  z and 
9) to obtain the highest intensity.
An example of the raw spectra can be found in figure 8.3. It can be seen that the 
forward Raman spectrum has a very distinct fluorescence background that is nearly of 
the same order of intensity as the Raman lines themselves. However, the intensity of the 
Raman light collected in the forward geometry is about 1.7 times higher in comparison 
with the ordinary (90°) geometry. Note, that the forward Raman spectral features 
< 567 nm are suppressed by the dichroic beam splitter.
The fluorescence background can be completely removed using the SCARF back­
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ground removal routine, described in appendix A.6. However, the background noise 
level is higher, due to the increased fluorescence signal shot noise.
This fluorescence background is caused by the various optics in the beam path (two 
lenses, dichroic beam splitter and cell windows). Methods of minimising this fluorescence 
are discussed in the next section.
In addition, Raman signals for N2  can be identified, stemming from the scattering in 
air along the excitation path outside the cell.
8.3.4 Im provem ents
Figure 8.2 depicts the optimised forward Raman setup in Swansea, for which a variety 
of improvements, over the initial configuration, have been implemented. To verify the 
effect these improvements have on the fluorescence background in the Raman spectrum, 
measurements of the Raman spectrum of air (cell removed) were taken using the Swansea 
setup with the Excel laser, SP500 spectrometer and Synapse detector.
The implemented improvements are
• The setup is installed in a cage system to increase the reproducibility and ensure 
a robust alignment procedure. It also minimises the collection of stray light.
• The dichroic beam splitter has been replaced by a beam splitter with a higher 
transmission and suppression in the appropriate regions.
• The lens focussing the light onto the fibre bundle has been replaced by a f = 75 mm 
cylindrical lens, to ensure all fibres within the bundle are illuminated. The focal 
length is selected based on the numerical aperture of the fibre bundle.
• A laser line filter has been placed after the first focal lens (before the cell). This 
removes scattering effects from before this point. The effect that the introduction 
of this filter has on the raw forward Raman spectrum of air is shown in figure 8.4. 
Clearly, the introduction of the laser line filter reduces the fluorescence background 
of the forward Raman spectrum. However, it has not removed it completely. Fur­
ther improvements will be needed to try and minimise the observed fluorescence; 
these are discussed in section 8.3.5.
• The beam-stop blocking the light reflected off of the dichroic beam splitter has 
been replaced by mirrors. This enables the light to be reflected back down the 
beam path for two passes of the beam through the scattering medium. This 
leads to an increase in the signal by up to a factor of two. A Faraday rotator 
has been installed in the beam to stop the reflection going all the way back into 
the laser cavity. This can be implemented in a forward Raman setup as, due to 
the geometrical symmetry, the intensity of the scattered light is not as strongly
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Figure 8.4: Comparison of raw forward Raman spectra of air with and without a laser 
line filter placed in front of the scattering region. Note that the Raman shift/wavelength 
increases to the left.
dependent on the polarisation of the incident beam. A comparison of the forward 
Raman spectrum with one and two passes of the laser beam is shown in figure 8.5. 
The figure shows that passing the laser beam through the system a second time
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Figure 8.5: Comparison of raw forward Raman spectra of air with 1 pass and 2 passes of 
the laser beam through the Raman cell. Note that the Raman shift/wavelength increases 
to the left.
increases the signal by approximately a factor of 1.4. The reason for the incomplete 
doubling is the imperfect matching of the focal lengths of the collection lenses of 
the first and second pass. Also, the Raman intensity of forward and backward 
Raman is not completely identical, which may cause a slight difference in the 
intensities of the two spectra. What is also observed, is that the fluorescence of
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the signal increases by approximately the same factor as the Raman signal when 
introducing the second pass. This is expected as the laser beam is passing through 
the windows twice.
The next step, to ascertain whether it is possible to reduce the fluorescence even 
further, requires a closer look at the effect of the materials in the optics.
8.3.5 Fluorescence test m easurem ents
The normal material used for the optical components, where the light transmission is in 
the visible spectrum, is N-BK7. As was shown in the previous section, these components 
introduce a substantial amount of fluorescence in the measured Raman spectrum for 
forward/backward configurations. BK7 is not the only possible component to use for 
lenses and windows in the beam path. Another possibility that is used in some Raman 
microscope configurations is calcium fluoride, CaF2 .
It is important to verify what material leads to the lowest possible fluorescence, as 
in the capillary Raman measurements, discussed in section 8.4, a window is needed to 
seal the cell. Having a window with the lowest fluorescence will increase the sensitivity 
of the setup. In the literature, fluorescence induced by optical components has been 
investigated (see e.g [Wei98], [Nea09], [Zhall]). However, most of these measurements 
are related to laser-induced fluorescence and data applicable to this work cannot easily 
be generalised.
To verify the difference between the fluorescence caused by BK7 and CaF2  optics, 
forward Raman measurements were performed with a BK7 or CaF2  window inserted 
into the beam path. The windows both had a thickness of approximately 1 mm. This is 
important as the observed fluorescence will be dependent on the thickness of the sample 
that the beam passes through. The resultant observed Raman spectra are shown in 
figure 8.6. The figure shows that the BK7 window causes the most fluorescence with a 
height of 41249 at pixel number 747. The fluorescence level of the CaF2 window and 
when no window was inserted were 36431 and 34095, respectively. This implies that 
a 1 mm CaF2 window has a smaller effect on the fluorescence background than a BK7 
window of the same thickness.
Another point to note is that a large amount of fluorescence is caused by the other 
optics in the beam path. The lenses in use are made of BK7. This measurement implies 
that using a CaF2 lens could lead to a reduction in the observed fluorescence in the 
Raman spectra. To test this, two custom made CaF2 plano-convex lenses, coated with 
a broadband anti-reflection coating, were ordered from INGCRYS with focal lengths 
of 200 mm. A broadband anti reflection coated CaF2  window was also ordered, which 
could be used with the capillary Raman cell.
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Figure 8.6: Comparison of raw forward Raman spectra of air with a CaF-2 , BK7 and no 
window inserted into the beam path. The window thickness is «  1 mm. The acquisition 
time for all measurements was 45 s. Note that the Raman shift/wavelength increases to 
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Figure 8.7: Comparison of raw forward Raman spectra of air where the scattered light 
is collected using BK7 or CaF2 lenses. Note that the Raman shift/wavelength increases 
to the left.
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Fluorescence for lenses in th e  beam  p a th
Forward Raman measurements of air were taken using CaF2 lenses, to focus the laser 
beam and collect the scattered light. These were compared with equivalent measure­
ments taken using BK7 lenses. The resultant raw spectra are collated in figure 8.7 for 
a 100 s acquisition time. The figure shows that, when the CaF2 lenses are used, the 
fluorescence in the Raman spectrum is higher. The height of the florescence at the high 
wavelength (low pixel) end is approximately the same (23776 and 23803 at pixel number 
42). However, at the low wavelength (high pixel) end, the fluorescence from the CaF2 
lenses is considerably higher (38144 compared to 24645 at pixel number 762).
Based on the concept tests performed above, the fluorescence being larger for CaF2 
lenses is not what was expected. The reason for the unexpected outcome can be deter­
mined by comparing the dimensions of the lenses used. Both lenses have diameters of 
25.4 mm and focal lengths of 200 mm. However, the CaF2 lens has a centre thickness of 
4 mm whereas the BK7 lens has a centre thickness of 2.8 mm. The edge thicknesses are 
3nnn and 2 mm respectively. The increase in thickness of the CaF2 lens, compared to 
the BK7 lens, means that the fluorescence increases.
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Figure 8.8: Comparison of raw backward Raman spectra of air where a window is placed 
in the beam path between the scattering centre and the collection optics. The compared 
windows are a INGCRYS  CaF2 window with a thickness of 3 mm and a ThorLabs BK7 
WG11050 window with a thickness of 5 mm. The acquisition time was 100 s. Note that 
the Raman shift/wavelength increases to the left.
F luorescence from  window  in th e  beam  p a th
The setup orientation for the capillary Raman measurements will be equivalent to back­
ward Raman with a second pass. This means that the window fluorescence comparison 
tests were performed for a backward Raman setup. The windows that were compared are 
the INGCRYS  CaF2 window with a thickness of 3mm and a ThorLabs BK7 WG11050
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window with a thickness of 5 mm. Both windows have a diameter of 25.4 mm. The re­
sultant backward Raman spectra of air are collated in figure 8.8. The figure shows that 
the shape of the fluorescence from both windows is fairly similar, with the exception 
of an additional feature in the CaF2 window spectrum at pixel number 757. This is 
not the Raman feature of CaF2 , as this should be at a Raman shift of 322 cm-1 . On 
consulting the literature, it has not been possible to identify exactly what this feature is, 
but it is caused by the CaF2 window or its coating. The feature can be removed using 
background removal routines so it will not be discussed any further. The main difference 
is that the fluorescence of the BK7 window measurement is considerably higher than the 
CaF2  window measurement (79034 vs. 57210 at pixel number 674). One further point 
to note is that the BK7 window that was available is thicker than the CaF2 window.
8.3.6 Sum m ary
Forward/backward Raman is more sensitive than normal 90° Raman measurements. 
However, as a penalty, fluorescence in the windows is collected in the measurements. 
The forward Raman setup has been optimised and fluorescence test measurements have 
been performed, showing that the fluorescence from an optic appears to be dominated 
by the optic thickness rather than the material. Based on the available optics the lowest 
fluorescence is obtained by using the thinner BK7 lenses. In measurements of gases, 
other than the open air a cell is required to hold the sample. In these cases (capillary 
Raman) a window is needed so that the excitation and scattered radiation can pass 
through the system. It has been found that the thinner CaF2 window lead to a lower 
fluorescence observed in the Raman spectrum. Therefore, in both cases the thinnest 
optic available at the time of these tests was used.
8.4 C apillary R am an spectroscopy
A method of enhancing the Raman signal from gas measurements in the forward (or 
backward) configuration was proposed by Pearman et al [Pea08], using a hollow silver 
coated glass-fibre as the Raman cell. The method has been developed further by other 
groups [Bur09], [BurlO], [OkitlO]. The concept of using a metal coated hollow fibre is 
discussed below, together with the specific construction and testing of the capillary cell 
in Swansea using N2 , O2 and D2 .
8.4.1 M etal-coated hollow fibre enhancem ent
If light is focussed into a hollow glass-fibre coated with silver (or any other suitable 
metal coating), such that the light strikes the silver at a high enough grazing angle 
that the reflectivity at the silver surface approaches 100%. This means that the light
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will propagate along the fibre length. For the grazing angle matching condition to be 
maintained along the fibre length, the fibre needs to be kept reasonably straight. The 
internal diameter of this fibre can be as large as 1 mm. This means that gases can flow 
through the fibre without significant pumping restriction, i.e. the gas flow is relatively 
fast.
As described in chapter 2, light propagating through a medium will lead to Raman 
scattered light being produced. The propagation of the laser light along the silver-coated 
hollow glass-fibre’s length leads to Raman scattering from the gas sample, inside the 
fibre, along its entire length. The light scattered in the forward/backward direction will 
also satisfy the grazing angle matching condition i.e. it will have near-perfect reflectivity. 
This means that scattered light from the entire length of the fibre will be propagated to 
the end and can be collected. Therefore, the Raman signal has been collected from the 
entire cell length, wliich increases TV* and hence the Raman intensity.
In the ideal case, the scattering length would be equal to the length of the cell. In 
reality, there will be some losses from attenuation of the laser and scattered radiation in 
the fibre. This means that the scattering length will be equal to an effective cell length 
x e which is equal to [AltOl]
/ 1 _  p-2(ai+a2)l \
*‘ = f( 2(a1+Q2) ) <8-2>
where I is the physical cell length and a\ and a,2 are the attenuation coefficients for the 
excitation and Raman scattered light, respectively. This implies that a long cell with 
low attenuation losses would lead to the longest effective cell length and hence a higher 
intensity. If a mirror is added at the output of the hollow fibre, to reflect the output 
light back down the length of the fibre, equation (8.2) is modified to
x,
_  e ~ 2 ( a i + a 2 )l i ? ( e _ 4 a ii  — e - 4 a 2 i) f t 2 e^ - 2 (ai+a,2 )l _  g -4 (a i+ a 2 )K
\  2 (ai  +  02) +  2 (ai -  02) +  2 ( 0 1 + 0 2 )  /
where R is the mirror’s reflectivity, assuming this is the same for both the excitation and 
scattered radiation. Okita et al [OkitlO] showed experimentally and theoretically, using 
the equations above, that a straight hollow fibre in a two pass configuration, with an 
inner diameter of 700/xm, has a maximum Raman intensity for a fibre length of 0.8 m. 
The group have since commercialised their metal-coated, hollow fibre manufacturing 
process and sell the devices through a company called Doko Engineering, Japan.
A more rigorous theoretical treatment has been developed by Buric et al [Bur 10], who 
calculate the Stokes power collected from a silver coated, hollow fibre, by integrating the 
Stokes power generated in a length, dz, and in a solid angle, dfl, over the fibre length 
and light collection solid angle. The conclusion from these model calculations was that 
increasing the collection angle increases the amount of Raman light collected.
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The second variable to enhance the Raman signal is the coupling angle of the pump 
beam into the hollow fibre. The theoretical treatment of Buric et al [Bur 10] showed that 
the losses within the fibre are strongly dependent on the entrance angle. This implies 
that more light will propagate through a hollow fibre if the entrance angle is small. This 
is achieved by either using long focal length lenses or a small laser beam diameter. The 
change in the collected Raman signal from the silver lined, hollow fibre, when the laser 
beam diameter is reduced, is discussed further below in section 8.5.3.
The final variable to be considered when using a metal-coated, hollow fibre as a Raman 
cell is the fibre inner diameter. This affects the fibre loss coefficient as shown by Buric et 
al [Bur 10] using mode propagation theory. They show that the loss coefficient is lower 
for hollow fibres with a larger diameter. This means that fewer modes will propagate 
through a narrower fibre and the light output angle will be smaller. Therefore, the fibre 
diameter needs to be large enough to ensure the collected light can be imaged properly 
by the collection optics, but not so large that it cannot be imaged at all i.e. the numerical 
apertures of the two systems need to approximately match. As mentioned previously, 
the fibre diameter will affect the gas flow through the tube. The selected tube diameter 
needs to be large enough to allow sufficient gas flow through the system.
To give an indication of the possible enhancement from using a hollow fibre as a 
Raman cell, Pearman et al [Pea08] observed an increase in sensitivity of approximately 
a factor of 20 over their standard fibre optic probe. These measurements were performed 
with a 2 mm x 4 mm x 496 mm multi-pass capillary cell This is a good indication that 
the method could improve the sensitivity of the Raman system.
8.4.2 Capillary cell construction
Prom here onwards, the silver-coated, hollow glass fibre will be referred to as the “cap­
illary” . To enable different gas mixtures to be circulated through the capillary, a cell 
housing needed to be designed. The design and construction of the capillary cell, used 
in this work, is contained in chapter 4. As described above, the optimal length of the 
capillary is about 0.8 m. However, the length was limited to 0.65 m, in this work, due to 
space limitations within the Raman enclosure. The inner diameter of the capillary was 
1 mm. This is large enough that gas flow would not be too limited and the scattered 
light should be able to be collected fairly easily.
To seal the chosen gas within the cell, a window is required. As described in section 
8.3.5, a 3 mm thick, calcium fluoride window was chosen as this minimised the observed 
fluorescence.
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8 .4 .3  Experim ental setup for capillary Ram an
The experimental setup required for capillary Raman spectroscopy is similar to that 
of the optimised setup for forward Raman spectroscopy in section 8.3.2. It is shown 
in figure 8.9. Some of the test measurements, discussed below, involve optimising the 
focal length of the radiation into/collected from the capillary. For these measurements, 
a variety of focal length lenses were used in place of the lens with /  =  100 mm.
To optimise the capillary Raman setup, a variety of test measurements have been 
performed, using the 532 nm 2W Laser Quantum Excel laser system. The tests included:
1. Initial capillary Raman tests with air
2. Capillary Raman with various focal length lenses in place of the lens with /  =  
100 mm
3. Capillary Raman spectroscopy of D2
4. Capillary Raman spectroscopy of D2 at varied pressures
5. Tests of image size of collected Raman signal on the fibre bundle
6. Capillary Raman spectroscopy vs. 90° Raman of D2 .
7. Optimised fibre bundle collection
8. Optimised capillary Raman spectroscopy vs. 90° Raman of D2
All spectra were analysed using our Spectrum Processing Suite (SpecTools), described 
in appendix A.6 (and [SJLc], [SJLd]).
8 .4 .4  Initial capillary Ram an tests  w ith  air
To check that the silver-coated capillary was mounted correctly inside the cell, initial 
measurements were performed with the back end of the cell open, i.e. only one pass 
of the laser beam went through the capillary. This enabled the transmission through 
the capillary to be checked whilst aligning the system for the first time. It also meant 
that there was definitely air from the room contained within the capillary. The initial 
measurements were performed with a /  =  75 mm cylindrical lens placed in front of the 
fibre bundle. This was chosen as this is the required focal length for normal forward 
and backward Raman spectroscopy.
The initial tests were performed using lenses with focal lengths /  =  100,150 and 
200 mm; the raw spectra are shown in figure 8.10. The figure shows that the signal is 
higher when the focal length becomes shorter. This makes sense based on the results 
reported by other groups in the literature, who used shorter focal length lenses to match 
the numerical aperture of the capillary [OkitlO], [Bur09]. Light over a larger solid angle
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Figure 8.9: Sketch of experimental setup for capillary Raman spectroscopy.
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Figure 8.10: Raw 1 pass capillary Raman spectra of air with focal lens lengths of /  =  
100,150 and 200 mm. Note that the Raman shift/wavelength increases to the left and 
the spectra have been offset to display the peak intensities more clearly.
will also be collected if the same sized lens (25.4 mm) is closer to the object that is being 
imaged. For all measurements, discussed below, a /  =  100 mm focal length lens was 
used. Note that the spectra in the figure have only been binned (background has not 
been subtracted), so the fluorescence height is real; the spectra are offset in the figure 
for clarity. This means that, for shorter focal length lenses, the fluorescence increases 
slightly. This will not be considered here, as the fluorescence varies when the imaging 
alignment is changed/optimised.
With the lens of /  =  100 mm, the capillary Raman signal was compared with normal 
backward (180°) Raman of air (i.e. when the capillary cell was removed). Raman 
spectra were taken for acquisition times of 0.5,1, 5,10, 20 and 30 s. For each acquisition 
time, 2 spectra were recorded back-to-back, to remove cosmic rays using TCRR, and 
the background was removed using the SCARF routine. An example of the post-TCRR 
spectra (to compare the fluorescence) for the 1 s acquisition time is shown in figure 8.11. 
This shows that the fluorescence of the capillary Raman signal is higher than normal 
backward Raman. However, the signal is noticeably more intensive.
To obtain a better Raman signal comparison, the fluorescence background from each 
spectrum was removed and the nitrogen Qi-branch (607nm) peak height for each ac­
quisition time was compared, as an indication of the gain when using the capillary. This 
was found to be approximately a factor of 4.
Further tests were performed by fixing the capillary cell in place and adjusting the 
position of the /  =  100 mm lens along its cage system until the signal was optimised. 
The system alignment was carefully checked to ensure the laser beam was parallel to the 
cage system and the beam passed through the centre of the lens. After the alignment 
was optimised, a pair of 20 s spectra were recorded. The spectra were cleaned and 
the background was removed. The cleaned spectrum was compared with a 20 s capillary
214 CHAPTER 8. RAMAN BEYOND KATRIN
900a
180  d e g  1s  
Capillary 1s8 0 0 0 -
7 0 0 0 -
5 0 0 0 -
40 0 0 -
6 3 057 0 5 8 0 590 62 0 6 4 0
Figure 8.11: Post-TCRR single pass capillary Raman spectra of air compared with 180° 
Raman spectra. Both spectra were acquired with a 1 s acquisition time.
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Figure 8.12: Comparison of post-SCARF capillary Raman spectra taken before and 
after the position of the focussing lens has been optimised. Both spectra were taken 
with a 20 s acquisition time.
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measurement before the lens position was optimised. The resultant comparison is shown 
in figure 8.12. The figure shows that, in the optimised position, the signal has increased 
further, by about a factor of 1.4. This shows that ensuring the system is aligned properly 
and that the position of the lens that is focussing light into and collecting light from the 
capillary is in its optimal location, is important to achieve the highest signal from the 
capillary.
8.4.5 Capillary Ram an spectroscopy w ith  D2
The mirror for the second pass of the signal was installed, both ends of the cell were 
sealed using the custom made flanges and the valves were installed on top of the cell. The 
system was leak tested and the sealing of the gas inlet threaded connectors was improved 
by inserting Viton O-rings inside the threaded hole. PTFE tape was used on all the 
threaded connections. After this was completed a leak check was performed with helium 
gas and the leak rate was approximately 5 x 10- 7 m barl-1s-1 . This was considered to 
be low enough to connect the capillary cell to the mixing system, evacuate it and fill it 
with «  1030 mbar deuterium gas. The capillary cell remained in the optimum location, 
found in the previous subsection, and was connected to the gas mixing system using 
flexible hoses, to avoid disturbing the good system alignment.
Spectra were taken using the SP500i spectrograph and Synapse detector. The SP500’s 
600gr/mm grating was selected and centred at 633 nm, so that the Qi-branch of deu­
terium could be observed. To determine the shortest possible acquisition time, such that 
the signal of the Qi-branch was visible above the noise level, a series of measurements 
were taken starting at 0.5 s. The Qi-branch was still visible with an acquisition time 
of 0.005 s. A comparison between the 0.5 s and 0.005 s measurements is shown in figure 
8.13. The figure shows that the signal is still observable above the noise level, even at 
5 ms light collection time. Note that the detectors quoted minimum acquisition time is 
0.001s.
For a better indication of the sensitivity and dynamic range of the current setup, 
the Si- and Oi-branches were also investigated, as they are 50 times weaker than the 
Qi-branch for the same isotopologue. Therefore, for the same gas mixture, a variety of 
longer acquisition times were taken, so these lines could be observed. Multiple repeats, 
of up to twenty back-to-back acquisitions, were recorded so that the effect averaging 
multiple spectra have on the noise can be obtained. Since the important quantity, when 
discussing system sensitivity, is the SNR, knowledge about the system noise behaviour 
is important.
Twenty repeats of spectra, with acquisition times of 0.5 s, 1 s, 5 s and 7 s were recorded. 
These spectra were analysed using our Spectrum Processing Suite and were averaged in 
sets so that the averaging sets were 1 (2 back-to-back), 3, 5, 10 and 20.
The 5x averaged, post-SCARF spectra are collated in figure 8.14. The figure shows
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Figure 8.13: Comparison of D2 capillary Raman spectra. Acquisition times 0.005 s and 
0.5 s, 1030 mbar gas pressure, 600gr/mm grating centred at 633 nm
a few things, namely:
• The Si-branches are visible up to J  = 5 for the 5 and 7s acquisition times.
• The Q-branch of IID is visible in the spectrum, which matches with the small 
quantity expected in a deuterium gas bottle.
• The nitrogen Q-branch is visible at 60711111. This is caused by the Raman signal 
that is picked up from air outside the cell.
• The background has a ripple that is present in the longer acquisition times. This 
is caused by the dichroic beam splitter and edge filter that are required to remove 
the laser beam from the collected signal. This ripple can be removed by reapplying 
and retuning the SCARF background removal routine.
One last discussion that can be made 011 this data is an indication of the sensitivity. 
The low intensity S1 (J =  4) line is visible for the 5 x Is  acquisition. The SNR of this 
line was calculated to be «  1.7. This is a good approximation of the detection limit
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Figure 8.14: Comparison of D2 capillary Raman spectra each averaged over 5 repeat 
acquisitions.
SNR of the system. Comparing this with the SNR of the high intensity Q-branch (419) 
shows that the Si(J =  4) is ~  243 times smaller than the Q-branch of deuterium. If the 
assumption is made that the Raman signal is directly proportional to the gas pressure 
(which is valid based 011 equation (8.1)) the Q-branch would be at the detection limit 
SNR at a pressure of 1000/243 «  4 mbar. This means that, using the setup in the stated 
configuration, 4 mbar of deuterium could be detected with a SNR of approximately 1.7. 
This is a reasonably good indication of the detection limit of this setup in the current 
configuration for a 5 x 1 s acquisition.
To verify whether these numbers, for the limit of detection, were correct, the gas 
pressure inside the capillary was reduced, by reconnecting the cell to the gas mixing 
system. Gas pressures of 1030 mbar of deuterium were compared with a gas pressure of 
«  20 mbar. The spectra were recorded 5 times, at an acquisition time 0.5 s and averaged. 
A comparison plot of the spectra of the two pressures is shown in figure 8.15. The
figure shows that at a pressure of approximately 20 mbar the Q-branch of deuterium
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Figure 8.15: Comparison between the Raman spectrum of D2 at 1030 mbar and 20 mbar. 
The height of the Q-branch is labelled in the figure.
is still clearly visible above the noise. It also shows that the nitrogen peak at 607 nm 
is still roughly the same height. This backs up the comment made above that this is 
the Raman signal of nitrogen in the air outside the cell. The noise of these spectra 
is approximately 23. This means that with a gas pressure of approximately 20 mbar 
the Raman peak height (129) is approximately 5 times the noise. Therefore, the signal 
would be double the noise (at the detection limit), if the pressure was reduced by a 
factor of 2.5 which would be a pressure of 8 mbar. This is the indication of the detection 
limit of deuterium for five back to back averaged 0.5 s acquisitions.
A point to keep in mind is that the quoted pressure is a fairly crude approximation. 
This is because it is measured in the gas mixing system, which is spatially separated 
from the capillary cell by a long plastic tube (length «  3.7 m) and the measurement 
is performed by a differential pressure gauge with an accuracy of ±0.5 mBar and a 
minimum detectable pressure of 1 mbar (i.e. atmospheric pressure - 999mBar). This 
means that the pressure values exhibit an estimated uncertainty of about ±2 mbar. This 
is verified by taking a ratio of the heights of the deuterium Q-branch, at both pressures, 
gives 5191/129 ~  40. If we then assume that the higher pressure is 1000 mbar and 
divide it by this number, it gives a pressure of approximately 25 mbar. If 25 mbar is 
used to calculate the limit of detection for deuterium, for five back to back averaged 
0.5 s acquisitions, the limit of detection would be 10 mbar.
This gives more of an indication of the sensitivity of capillary Raman using the current 
collection method and setup. A further point to note is that the detection limit depends 
on the collection system. Other systems used by the KATRIN LARA group have a much 
higher sensitivity, due to a more sensitive detector and a spectrometer with higher light 
collection power.
8.4. CAPILLARY RAMAN SPECTROSCOPY 219
8.4 .6  C apillary im age size
The next test measurements are to verify how much of scattered light from the capillary, 
imaged by the collection system, is collected by the fibre bundle and transported to the 
spectrometer system. The easiest way of doing this is to try and determine the size of 
the image at the fibre location. This can either be done by using an image detector (like 
a webcam) or by the method which was used here.
Top
Achromatic
\ P
Side Image
location
Cylindrical 23mm
A -
Figure 8.16: Sketch showing imaging when using an achromatic lens and a cylindrical 
lens. The figure shows the top view, side view and resultant image shape.
The fibre bundle in use is a slit-to-slit mounted configuration of 48 single, adjoin­
ing step-index multi-mode fibres with a 100/im/125/mi core/cladding diameter ratio, 
as described in chapter 4. The slit dimensions, at each end of the fibre bundle, are 
approximately 6 x 0.1mm. The imaging for the measurements above is such that the 
collected light is focussed in one dimension using a cylindrical lens onto the slit entrance 
of the fibre bundle. The imaging of light using a cylindrical lens is visualised in figure
8.16 (bottom). The figure shows that a cylindrical lens only focusses the light in one 
dimension, so at the image location the light is in the form of a slit. This means that the 
imaged light overlaps the slit entrance of the fibre bundle (figure 8.17 a). However, if 
the slit entrance of the fibre bundle is rotated by 90° and the transmitted Raman signal 
is viewed by the detector in 2-dimensional readout mode, the width of the image will 
equal the image height at the fibre location (figure 8.17 b). This width can be measured 
by changing the height of the fibre, using the translation stage and calculating how far 
the fibre has to move, for the image on the detector to move a distance equal to its 
height.
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The method of determining the width is as follows:
• The height of the fibre was adjusted in 10 fiin steps and a 5s 2D Raman spectrum 
was recorded at the detector (with the fibre bundle rotated by 90°) for each fibre 
height location, i.
• The centre of the fibre image, x^, was determined using a custom Gaussian fitting 
routine; this was taken as the fixed location for each height.
• The fibre height location, i, was fitted, using a linear fit, against the calculated x cj 
values obtaining the relation i =  A xcj + B.
• The fibre image width was determined by inputting the width of the image in 
pixels, W f ,  into this fit to convert the measured width to a real length, Ai.
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Note w f is FWHM
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Figure 8.17: Concept for measuring the image of the scattered light from the capillary 
at the fibre bundle location, a) Imaging onto the slit entrance of the fibre bundle, b) 
fibre bundle rotated by 90° and moved across image light and c) fit to produce image 
width in units of length.
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The procedure to convert the values mathematically is visualised in figure 8.17 c. How­
ever, for clarity the steps are as follows
w f =  A x c i  =  x i  -  x N ( 8 .4 )
The required width in units of length is
Ai =  ii -  iN (8.5)
using the fit relation between i and Xci above leads to
Ai =  Axcii -  AxciN (8.6)
Using the measured values and these equations gives the image width as A i =  1.183 mm. 
In the normal imaging location the fibre bundle has a width of 100 //m, which means 
only a small proportion of the light is collected if the entire image size from the capillary 
is approximately 1 mm.
At this point, the 75 mm cylindrical lens, th a t is used to focus the light onto the fibre 
bundle, has been changed to a 75 mm achromatic lens. This means tha t the image of 
the capillary is now a “spot” rather than a “slit” 23 mm in length, as shown in figure
8.16 (top); meaning tha t most of the light, which is collected by the first lens, is imaged 
onto the fibre bundle, which may increase the signal slightly.
To give an indication of how much light is lost, a second measurement has been 
proposed. The concept of these next measurements is visualised in figure 8.18. This 
method assumes that, if the fibre bundle height is adjusted by 100 fim, none of the 
collected light at the new location was collected at the previous height. The fibre height 
is adjusted in 100 /im steps, over the entire image of the scattered light from the capillary. 
At each height location the Raman signal is measured (twice), with an acquisition time 
of 0.5 s. The spectra were all analysed so th a t cosmic rays and the background were
removed. To verify the potential amount of light lost, the spectra of all heights were
added together. This is then plotted, along with the most intense height location’s 
spectrum, in figure 8.19.
The figure shows th a t the summation of the heights leads to an increase in intensity 
of a factor of 4.73. This means th a t the signal could increase by another factor of 
approximately 5, if all the light is collected in an appropriate fibre bundle configuration. 
The idea for the new fibre bundle is discussed in section 8.5.
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Figure 8.18: Concept for determining the amount of scattered light that is lost by 
not collecting all of the imaged light at the fibre bundle location, a) Fibre bundle start 
location, b) fibre bundle moved 100 gm down over capillary image, c) fibre bundle moved 
in 100/rm steps over the capillary image and d) measurement complete when the full 
image size has been covered.
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Figure 8.19: Comparison between the Raman spectra of deuterium at the most intense 
individual fibre bundle height and for the summation of all sequential fibre heights. For 
measurement description see text.
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8 .4 .7  C apillary R am an sp ectroscop y  vs. 90 degree R am an spectroscopy  
o f d eu teriu m
To give an indication of the gains from using capillary Raman spectroscopy over the 
normal 90° Raman configuration used in the LARA setups for KATRIN, the system in 
Swansea was aligned so that the two setups could be measured with the minimum change 
of optical components. This is implemented as shown in figure 8.20. To switch between
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Figure 8.20: Sketch of setup for capillary vs 90° Raman comparison. To switch between 
the two setups, the mirror, “removable HR" is inserted/removed and the fibre bundle is 
switched between location 1 and 2. Note that the beam expander is optional.
the two measurement configurations a removable HR mirror is inserted or removed, and 
the fibre bundle is switched from fibre bundle location-1 to fibre bundle location-2 or vice 
versa. For the comparison measurements, the lenses in the diagram are LI =  250 nan 
plano-convex lens, L2 = 100 mm plano-convex lens and L3 =  75 mm achromatic lens. 
BD stands for beam dump; the beam expander is a Galilean telescope, to expand the 
beam (if required) to optimise coupling of the laser beam to the capillary; HR are 
broadband high reflection mirrors ( Thorlabs BB1-E02); and EF stands for edge filter.
Both cells were simultaneously connected to the gas mixing system. The Raman cell 
was removed from its location and connected directly to the gas mixing system and the 
capillary cell was connected via plastic tubing so that it remained in its optimal location. 
The cells were filled with approximately 1000 mbar of deuterium gas. The Raman cell 
was replaced in the LARA setup and the alignment for the 90° setup was optimised.
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Once this is aligned, the removable HR can be extracted and replaced without affecting 
the alignment.
Comparative measurements of sensitivity were taken for acquisition times of 0.5,1,2 
and 3 s. This was the maximum achievable acquisition time for the capillary measure­
ments before the detector saturated. The 600gr/mm SP500 grating was selected and 
centred at 633 nm, so that the Q-branch of deuterium could be analysed. All spectra 
were taken twice so that cosmic rays could be removed and the background was sub­
tracted, using our Spectrum Processing Suite. The peak height was taken as the most 
intense peak in the Q-branch and this is used as the indication of peak signal. The noise 
was calculated as the standard deviation of a flat region of the cleaned background.
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Figure 8.21: Comparison between the Raman spectra of deuterium taken using capillary 
Raman and 90° Raman with an acquisition time of 0.5 s.
An example comparing the spectra for 0.5 s acquisition time is shown in figure 8.21. 
The figure shows that the intensity of the capillary Raman measurement is considerably 
higher (approximately a factor of 36). However, the noise is also significantly larger.
The SNR was calculated for all acquisitions and the values are collated in table 8.1. 
The data in the table shows that the Q-branch signal of deuterium has increased by a 
factor of «  40 for all of the acquisition times. However, the SNR increase is much smaller 
(between a factor of 1.69 for the 3 s acquisition time and 4.19 for the 0.5 s acquisition 
time). A point to note is that this data was taken using the 100g m /125/mi slit-to-slit 
fibre bundle, described above. This means that the same signal losses, of a factor of (as 
much as) 4.7 apply. One further point to note is that the observed gain will reduce to
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Table 8.1: Signal-to-noise ratio comparison of 90° Raman and capillary Raman.
90° Raman capillary Raman
Ac time (s) Signal Noise SNR Signal Noise SNR
0.5 222.852 3.515 63.408 8100.566 30.571 264.976
1 442.001 3.675 120.280 16167.403 59.152 273.320
2 868.778 3.578 242.785 32689.423 61.897 528.130
3 1299.082 4.108 316.175 48716.997 91.207 534.139
approximately a factor of 20 if two passes of the laser beam were used in the 90° setup.
A method of collecting a higher proportion of the scattered light is proposed in section
8.5, which could lead to two improvements. Firstly, the gain in signal of up to a factor 
of 4.7 and secondly, the noise will reduce from adding together signal contributions from 
multiple binning segments of the CCD detector.
Overall, this first implementation of capillary Raman leads to substantially higher 
signals of approximately a factor of 20 over normal 90° Raman (2 pass capillary vs 2 
pass 90°). However, the gain in SNR is less, with a maximum observed enhancement of 
a factor of 4.19, due to the increased noise, caused by the fluorescence in the capillary 
and optics in the light beam path. These numbers are the level of improvement where 
only 100 gm of the scattered light at the fibre location is collected. Measurements have 
shown that the scattered light image has a diameter of approximately 1 mm and up to 
a factor of 4.7 of the collected intensity is lost.
8.5 Capillary R am an spectroscopy w ith  new  fibre bundle
To optimise light collection for capillary Ram an spectroscopy and maximise the signal 
of the light collected, the fibre bundle needs to be changed. The key of this design is to 
maintain the same resolution and collection improvements described in chapter 5. This 
means the dimensions of the individual fibres want to be kept as 48 single, adjoining 
step index multi-mode fibres with a 100 //m/125 fim. core/cladding diameter ratio with 
a slit configuration th a t is 6 mm long at the spectrometer end.
8.5 .1  C eram O ptec fibre bund le
An appropriate fibre bundle design was provided by CeramOptec, which consists of 48 
100/125/xm fibres mounted in a dot-to-slit configuration, as shown in figure 8.22. The 
fibre is constructed such th a t the dot-end has a radius of < 1 mm. The individual fibres 
are fused together at the dot-end so tha t the distance between the individual fibres is as 
small as possible. The advantage of doing this is tha t less light will be lost in the gaps 
between the individual fibres. This results in a to tal bundle diameter of approximately
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Figure 8.22: D('sign of dot-to-slit fibre bundle. Adapted from CeramOptec design doc­
ument.
0.75 mm. Even though this is smaller than the spot size measured in section 8.4.6 the 
close packing of the fibres in the dot-end will result in a higher proportion of light being 
collected whilst maintaining the advantages of the improved imaging technique at the 
slit-end (the technique is discussed in chapter 5).
8.5 .2  N ew  bundle in sta lla tion
The new dot-to-slit fibre bundle had its dot-end placed at fibre bundle location 1 in figure 
8.20. The old slit-to-slit fibre bundle is then permanently mounted at fibre bundle 
location 2. The method described to switch between the 90° and capillary Raman 
measurement configurations, described in section 8.4.7, changes so that the fibre bundles 
remain permanently fixed at their respective locations. To switch between the two, the 
bundle connected to the spectrometer cage system is swapped and realigned.
Capillary Raman test measurements with the new fibre bundle are described in the 
next section.
8.5 .3  O ptim ised  d euterium  capillary R am an
With the new fibre bundle installed, the capillary Raman measurements of deuterium, 
described in section 8.4.5, were repeated with the new bundle configuration. This means 
that the cell contained ~  1030 mbar of deuterium and spectra were taken using the 
SP500 spectrograph’s 600gr/mm grating, centred at 633 nm, so that the Qi-branch of 
deuterium could be observed. The new fibre bundle was optimised using the custom 
made translation stage and spectra were taken with a variety of acquisition times. A
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Figure 8.23: Comparison between 0.5 s capillary Raman spectra of deuterium using the 
original slit to slit fibre bundle and the new dot to slit bundle configuration.
comparison of two of the resultant spectra are collated in figure 8.23. The figure shows 
that, with the introduction of the new bundle, the observed signal has increased by a 
factor of approximately two. However, the noise has increased ever so slightly, due to 
the higher fluorescence level across the entire chip.
A point to note is that, if an acquisition reaches saturation for the on-chip binning area 
setting, this would usually be the limiting acquisition time. However, the acquisition 
time can be increased further by increasing the number of on-chip binning segments. As 
shown in chapter 5, increasing the number of on-chip binning segments usually reduces 
the SNR. In these situations the noise is predominantly caused by readout noise, so this 
would be expected (more readouts =  more noise). However, for capillary measurements, 
fluorescence from the capillary and optics is observed. This means that the observed 
spectral noise is now predominantly caused by the shot noise of the fluorescence. The 
shot noise for any on-chip binning acquisition is the same, as it is only dependent on the 
signal height (= V~N). This is observed by comparing a 50 area and a 3 area on-chip 
binning 2 x 2 s capillary Raman acquisition of deuterium in figure 8.24. In the figure, the 
signal has been normalised to the maximum intensity of the Qj-branch of deuterium. 
This means that the noise levels can be compared directly. Observing the noise in the 
figure shows that, for both acquisitions, the noise is essentially the same. This verifies 
that these spectra are shot noise dominated and the improvements, observed in chapter 
5, that on-chip binning increases the SNR no longer applies, as the on-chip binning 
enhancement is reducing the readout noise. Therefore, the number of on-chip binning 
segments should be minimised to keep the readout time as short as possible, but can be 
increased to enable longer acquisition times.
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Figure 8.24: Comparison between 50 area and 3 area on-chip binning 2 x 2s acquisition 
of capillary Raman spectrum of deuterium.
In flu en ce  o f laser b e a m  size on cap illa ry  R a m a n  sp ec tro sco p y
entrance angle, 0, for the same lens focal length, / .  This can be calculated using the 
“geometrical optics” limit for a laser beam, 6 = R / f ,  where R  is the beam radius. Re­
ducing the capillary entrance angle will mean that more light should propagate through 
the capillary, as was shown by Buric ei al [Bur 10].
To test the influence of the laser beam size, measurements were performed with and 
without a Galilean telescope inserted into the setup and the system alignment was opti­
mised in both situations. Raman spectra of deuterium were taken at various acquisition 
times, so that the signal and fluorescence, of measurements with and without the tele­
scope, could be compared. A comparison of the raw spectra for an acquisition time 
of 2 s is shown in figure 8.25. The figure shows that, when the telescope is removed, 
the fluorescence reduces by approximately a factor of two. which leads to a reduction 
in the spectral noise. This can be observed in the figure, as the S/O branches of D2 
can be determined more easily. The signal has also increased by approximately 19%. 
The signal is extracted from the spectrum by removing the fluorescence background, 
using the routines described in appendix A.6, and taking the maximum peak height of 
the observed Qi-branch of D2 . The noise is measured as the standard deviation of a 
flat region of the spectrum, after the fluorescence background has been removed. The 
resultant signal, noise and SNR for the no-telescope measurements are collated in table 
8.2. If these SNRs are compared with the 90° Raman measurements in table 8.1, in 
section 8.4.7, it shows that, for all acquisitions, the signal is approximately a factor of 
100 larger; as with the previous capillary Raman measurements, the noise is also larger. 
This means that the SNR increase is between a factor of 3.6 (2 s ac. time) and 5.3 (0.5 s
The size of the incident laser beam needs to be considered, as it will change the capillary
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Figure 8.25: Comparison between raw capillary Raman spectra of deuterium when a 
telescope is used and when it is removed.
Table 8.2: SNR comparison of capillary Raman of the Qi-branch of deuterium when the 
incident beam has not been expanded. Uncertainties in brackets are in the final digit.
Ac time (s) Signal Noise SNR
0.1 4724(69) 21(3) 223(35)
0.2 9141(96) 33(5) 279(44)
0.5 22476(150) 66(11) 338(53)
1 44900(212) 80(13) 561(89)
2 89223(299) 101(16) 880(139)
2.5 112287(335) 118(19) 948(150)
 2 s  with t e le s c o p e
2 s  n o  t e le s c o p e
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ac time). The SNR can be increased by averaging multiple spectra to reduce the noise 
level.
F lu o rescen ce  d e p e n d en c e  on lase r b e a m  pow er
To test the dependence of the observed fluorescence on the laser power, a half-wave plate 
was inserted into the setup in front of the Gian polariser in figure 8.20. Rotating the 
half-wave plate enables the power of the laser beam to be varied, without affecting the 
alignment of the system. Capillary Raman spectra of air were taken, with an acquisition 
time of 3 s, for half-wave plate angles between 0° and 120° in 10° steps, to enable a 
sufficient number of spectra at various laser powers to be measured. The height of the 
Q-branch of nitrogen above the fluorescence background was used as an indication of 
the laser beam power. Note that the Synapse detector in use has a dark background 
level of approximately 3000 counts in this instance; this has not been subtracted from 
the fluorescence measurements. As the fluorescence varies with respect to wavelength, 
the small feature at 660 nm (pixel number 191) was used as a marker of the fluorescence 
magnitude. The resultant graph of fluorescence height vs. Raman signal is shown in 
figure 8.26.
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Figure 8.26: Graph of fluorescence height vs. Raman signal. All acquisitions were 3 s 
capillary Raman measurements of air. For details see text.
The figure shows that the relationship between Raman signal and fluorescence height 
is linear. If the data is extrapolated back to zero Raman signal the fluorescence height 
appears to be non-zero. This offset corresponds to the dark background offset of the 
detector, when zero intensity is observed, of approximately 3000 counts. Please note 
these measurements were performed with the calcium fluoride window and NBK7 plano­
convex lens installed in the system.
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Q u a rtz  w indow  te s t
Due to the success of the test measurements discussed above, in future measurements 
the capillary setup will be tested with the tritiated hydrogen isotopologues at TLK. 
The current window in use, a 2 mm thick CaF2 window, is not tritium compatible, so 
it will need to be changed. Therefore, test measurements have been performed where 
the calcium fluoride window has been replaced by a 2 mm thick quartz window, which 
is compatible with tritium. Capillary Raman spectra were taken, with a 2s acquisition 
time with no window, a CaF2 window and a quartz window installed in the cell. Cosmic 
rays were removed using the routines described in appendix A.6. The fluorescence in 
the spectra is compared in figure 8.27. The figure shows that the fluorescence of the
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Figure 8.27: Graph of fluorescence height vs. Raman signal. All acquisitions were 3 s 
capillary Raman measurements of air. For details see text.
calcium fluoride window and the Quartz window are similar. The structure present in 
the spectra at 565 nm and 589 nm are the Raman features of quartz and calcium fluoride
respectively.
The figure also shows that, even when no window is in place, there is still a noticeable 
fluorescence background. This will be caused by a combination of the focussing optics 
(focussing lens and dichroic beam splitter) and the capillary itself. The fluorescence of 
the lens can be reduced by replacing the ThorLabs LA1509-A N-BK7 100 mm lens with 
a thinner optic with the same focal length. Changing the material of the optic to quartz 
may also be beneficial in reducing the fluorescence.
One other observation that can be made from this data can be obtained by removing 
the fluorescence background using the SCARF routine, described in appendix A.6 and 
measuring the peak height of the Q-branch of nitrogen at 607.38 nm. The resultant 
intensities are collated in table 8.3. The data shows that, when the calcium fluoride 
window is in place, the signal is noticeably lower than when a quartz window, or no 
window, is used (17.6% lower than no window measurement). This implies that the
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Table 8.3: Measured signal of the Raman Q-branches of nitrogen and oxygen when 
different windows are installed in the system. Note the uncertainty (in brackets) is in 
the last digit.
Window N2 Signal 0 2 Signal
no window 
CaF2 
Quartz 
Quartz realign
120315(347)
99149(315)
123196(351)
120897(348)
37383(193)
30842(176)
40458(201)
39094(198)
quartz window leads to an improvement in the Raman signal even if the fluorescence 
is still approximately the same as when calcium fluoride is used. The reason for this is 
linked to the coating used on the respective optics.
To try  and determine the sensitivity of the current measurements, one hundred 2 s 
capillary Raman spectra of air were taken. The spectra were analysed and averaged 
to reduce the noise. The resultant comparison between 2 x 2s and 100 x 2s Raman 
spectra is shown in figure 8.28. The figure shows that multiple repeats reduces the noise 
level and hence increases the SNR. This means that the low intensity peaks that are 
just visible at 571.1 nm and 574.5nm in the 2 x 2s are clearly visible in the 100 x 2s 
spectrum. These features have been identified as the Fermi doublet of carbon dioxide, 
using the measurements and discussion included in chapter 7.
As the Raman feature of carbon dioxide has been identified in the capillary Raman 
spectrum of air, some quantitative information can be extracted from the spectrum and 
compared with the expected literature values. To do this, the data  was re-analysed 
by averaging the spectra before the background was removed using SCARF. This is to 
ensure tha t the background has been removed more accurately. The resultant labelled 
spectrum is included in figure 8.29. The figure shows tha t the Raman lines of nitrogen, 
oxygen and carbon dioxide are observed along with the minor isotopologue of nitrogen 
15N14N. The broad features between 560 nm and 570 nm are the Raman lines of the 
quartz window installed in the cell.
From this spectrum, the Raman signal of the observed lines has been extracted and 
are collated in table 8.4. From the measured Raman signal, the ratio with respect to the 
N2 Q i-branch has been calculated and is also included in the table. To compare these 
ratios with the expected values from the literature, the Raman cross section and spectral 
response need to be taken into account. Several groups have measured the relative 
Raman cross section of various gases with respect to the cross section of nitrogen. Some 
of these results are summarised by Fenner et al [Fen73] and Danichkin et al [Dan81].
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Figure 8.28: Comparison between 2 x 2s and 100 x 2s capillary Raman spectra. Both 
have been averaged so the Raman signal height is the same.
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Table 8.4: Measured signal and composition (relative to the N2 Q-branch) of the ob­
served Raman branches in the averaged 100 x 2 s capillary Raman spectra of air.
Peak Signal Ratio to 
N2 Q l
Rel Raman 
cross sec 
(Ti/aN2 [Dan81]
Comp
N i/N N2
N2 Qi-branch 
O2 Qi-branch 
CO2 v\ Fermi doublet 
CO2 2v 2 Fermi doublet 
15N 14N +  N2 Oi 
noise
122322(350)
39034(198)
217(23)
115(23)
1075(33)
23(5)
1.0000(41)
0.3191(19)
0.00178(19)
0.00094(19)
0.00879(27)
0.00019(4)
1.00(0)
1.23(6)
1.51(9)
1.00(10)
1.00(0)
NA
1.0000(41)
0.2594(128)
0.00118(14)
0.00094(21)
0.00879(27)
NA
The Raman intensities dependence on the spectral response is
I  = o N V D  (8.7)
where N  is the number of molecules, V  is the scattering volume, a  is the cross section 
and D  is the collated constants that are independent of the scattering substance. For 
two gases in the same Raman measurement V  and D  are the same. Therefore, if a ratio 
of the two Raman line intensities is taken, this gives
=  (8 .8)
I 2 (J2N2  ^ '
This can be used to obtain the required composition ratio to compare with the theory. 
The resultant relative compositions are collated in table 8.4.
The expected atmospheric compositions of nitrogen, oxygen and carbon dioxide are
0.78082(12), 0.20945(12) and 0.00039(1) [NPL12]. These can be used to obtain com­
positions relative to tha t of nitrogen and give 1.00000(22), 0.26824(16) and 0.00050(1) 
respectively. The relative composition of oxygen agrees within the experimental uncer­
tainty. However, the measured value for carbon dioxide is out by approximately a factor 
of two. The reason for the inaccuracy can be linked to the spectral response of the 
collection system not being taken into account. To obtain accurate measurements of the 
composition, the system would have to be calibrated. Even though these measurements 
do not fully agree with the literature values, they give an indication of the sensitivity of 
the system, as carbon dioxide can be detected in the ambient air.
8 .5 .4  C om parison  o f  capillary, backward and 90° R am an o f  air
As a final indication of the improvement from capillary Raman spectroscopy, the spectra 
of air were taken using the optimised capillary Raman, backward Raman and 90° Raman,
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at the same focal location. Note that only one pass of the laser beam is used for 90° 
Raman and 180° Raman. Spectra with a variety of acquisition times were taken. For 
each acquisition time setting, 5 back-to-back measurements were taken, to enable the 
spectra to be averaged to reduce the noise level.
The backward and 90° Raman spectra were taken of open air i.e. no cell was used. 
An example of the raw spectra for an acquisition time of 2 x Is  and an example of the 
cleaned spectra for the 5 x 2s, acquired using each method, are shown in figure 8.30.
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Figure 8.30: Raman spectra of air taken using capillary Raman spectroscopy, 180° 
Raman and 90° Raman. Top panel: Raw Raman spectra, where the fluorescence height 
is real (acquisition time 2 x 2 s); Bottom panel: Cleaned Raman spectra (acquisition 
time 5 x 2 s), where the Raman signal is offset for clarity. The capillary Raman spectrum 
is offset by +1000, the 0° Raman spectrum is not offset and the 90° Raman spectrum 
is offset by —250.
The figure shows that the Raman signal from capillary Raman is two orders of mag­
nitude (a factor of «  100) higher than that for 1 pass 90°. This gain would reduce to a 
factor of approximately 50, if two passes of the laser beam are used with the 90° setup. 
The figure also shows that the signal from capillary Raman is one order of magnitude 
higher than that for 1 pass backward Raman. Another observation that can be made
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from the figure, is that the noise of capillary Raman and 180° Raman is higher than 
tha t of 90° Raman. This was already observed in section 8.4.7 above.
A further observation tha t can be made, is tha t the background level of capillary 
Raman is significantly higher than that of 0° and 90° Raman. As the 0° and capillary 
spectra are acquired with exactly the same beam alignment, this shows tha t most of 
the observed fluorescence background in the capillary Raman spectrum is caused by 
the capillary Raman cell (38291 -  4042.5 =  34176.5). 180° Raman has a much smaller 
fluorescence background, caused by the collection lens (4042.5 — 3142.5 =  900). This 
will also be present in the capillary Raman spectrum and could be reduced by changing 
the collection lens. However, as the contribution to the capillary Raman fluorescence is 
small (900/34176.5 =  0.0263 «  2.6%) the gain from reducing its magnitude is minimal. 
Therefore, possible improvements by changing the collection lens material were not 
investigated further.
To enable a quantitative comparison, the Raman signal was extracted from the spectra 
as the peak height of the nitrogen Qi-branch and the noise as the standard deviation of 
a flat region of the background spectrum. These values were used to  calculate the SNR. 
The signal, noise and SNR are collated in table 8.5.
The table shows that the Raman signal for the comparable acquisition times increases 
by a factor of 170 between 1 pass 90° Raman and capillary Raman. As the noise in the 
capillary Raman measurement increases with acquisition time from 4.5 (5 x 0.002 s) to 
54 (5 x 2 s) the SNR increase is smaller and reduces as the acquisition time increases. 
The gain in SNR between 1 pass 90° Raman and capillary Raman varies between a 
factor of 9 (5 x 2 s) and a factor of 24 (5 x 0.2 s). The Raman signal gain between 1 pass 
90° Ram an and 1 pass 180° Raman is approximately a factor of 15. The gain in SNR 
is also smaller, due to the increase in noise with acquisition time and varies between a 
factor of 1.39 (5 x 20s) and a factor of 9.73 (5 x 0.2s). For clarity the signal and SNR 
gain between 90° and capillary Raman is also included in table 8.5.
8.6 O utlook
The measurements included in this chapter show that capillary Raman spectroscopy (in 
the optimised configuration) results in a signal gain of two orders of magnitude over the 
standard 90° Raman setup. The gain in SNR is less than the signal gain factor, due 
to the increase in the background noise caused by fluorescence in the capillary and cell 
entrance window.
To push this gain further, the collection setup could be optimised by:
•  Increasing the size of the fibre bundle entrance so that it is larger than the capillary 
image size. This would need to be done whilst keeping the individual fibres as close 
together as possible. To do this the fibre layout at the spectrometer end would
8.6. OUTLOOK 237
Table 8.5: Measured Raman signal, noise and SNR of the nitrogen Qi-branch obtained 
using capillary, 180° and 90° Raman spectroscopy. The noise is taken as the standard 
deviation of a flat region of the spectrum. All acquisitions are averages of 5 repeat 
spectra at the specified acquisition time.
Ac Capillary 180°
time(s) Signal Noise SNR Signal Noise SNR
0.002 463(12) 4.5(9) 104(21) 44(3) 2.5(3) 18(2)
0.005 463(11) 4.9(7) 94(13) 40(3) 2.5(3) 16(2)
0.01 748(14) 6.3(9) 120(17) 69(4) 2.6(3) 26(3)
0.05 2862(27) 9.5(17) 301(54) 259(8) 2.8(3) 92(10)
0.1 5507(37) 17.6(25) 314(45) 497(11) 3.4(4) 146(18)
0.2 10918(52) 19.8(37) 550(103) 994(15) 3.8(6) 264(42)
0.5 26550(82) 30.5(46) 872(132) 2497(25) 6.8(7) 365(37)
1 53397(116) 39.0(83) 1371(292) 4863(35) 10.8(11) 450(46)
2 106607(163) 54.0(96) 1973(351) 9757(49) 12.0(13) 810(87)
5 - - - 24359(78) 22.0(25) 1108(126)
10 - - - 48757(110) 30.0(40) 1625(217)
20 - - - 97583(156) 42.3(42) 2307(229)
25 - - - 121876(175) 47.2(52) 2580(284)
Ac
time(s) Signal
90°
Noise SNR S
(Cap/90°)
Gain
SNR
(Cap/90°)
0.1 32(3) 2.2(2) 15(2) 172(16) 21(4)
0.2 64(4) 2.8(4) 23(4) 170(11) 24(6)
0.5 156(6) 2.6(2) 61(5) 170(7) 14(3)
1 324(9) 2.5(2) 128(11) 165(5) 11(2)
2 616(12) 2.7(3) 225(25) 173(3) 9(2)
5 1567(20) 2.8(3) 605(71)
10 3179(28) 3.6(4) 879(98)
20 6287(40) 3.8(5) 1658(219)
50 15806(63) 4.1(5) 3837(466)
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need to be modified to ensure tha t the maximum amount of light is transm itted 
to the spectrometer.
•  Imaging the scattered Raman light from the capillary onto the dot-to-slit fibre 
bundle is very sensitive to movements in the x and y directions. The current 
translation stage only allows precise adjustment in the x- and z-directions. Re­
placing this mount by an x-y translation stage ( ThorLabs ST1XY-S) would enable 
accurate alignment more easily.
•  The intensity of the scattered Raman light from the capillary is also very sensitive 
to the alignment of the laser beam into the capillary. The alignment process could 
be improved by mounting the entire cage system (fibre bundle not connected) to  a 
x-y translation stage. This would enable a more accurate adjustment of the laser 
beam position to optimise the alignment.
As the measurements in this chapter have shown the potential increase in sensitiv­
ity of capillary Raman spectroscopy, the setup will be converted so that it is tritium- 
compatible. This will involve modifying the gas connectors within the cell, so the cell 
leak tightness is higher. To do this, the setup will be shipped to TLK. It will also 
enable the setup to be tested with the more sensitive spectrometer systems available 
and obtain real capillary Raman limits of detection. The increase in sensitivity reported 
here could lead to further applications of Raman spectroscopy type systems within the 
tritium  analysis and monitoring systems at TLK.
Chapter 9
Summary and outlook
9.1 Sum m ary
Each chapter in this work contains a chapter overview summarising the findings for th a t 
chapter. Rather than repeating the same statements, a general overview of the findings 
will be given here, followed by an outlook of the laser Raman research of gases. Overall, 
the achievements of this work can be split into the following categories:
1. KATRIN LARA system improvements
2. Depolarisation measurements
3. Raman beyond KATRIN
9.1 .1  K A T R IN  L A R A  sy stem  im provem ents
The signal-to-noise ratio (SNR) of Swansea’s LARA system has been improved, bringing 
it closer to that of the systems in Tritium Laboratory Karlsruhe (TLK) at Karlsruhe 
Institute of Technology (K IT). Some of the improvements have also been implemented 
in all the KATRIN LARA systems; namely:
1. adding a second pass of the laser beam through the LARA cell, as it approximately 
doubles the laser excitation intensity,
2. on-chip binning readout of the CCD detector, with three or five areas to maximise 
the SNR whilst enabling astigmatism correction to be implemented,
3. improved spectrometer imaging of the fibre bundle onto the CCD plane and
4. introducing a linear (sheet) polariser between the two collection lenses, which 
enables the polarisation effects in the system beyond this point to be neglected.
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When the improvements were implemented in the Raman systems at TLK, the acqui­
sition time required to achieve the KATRIN requirements of precision has been reduced 
from 250s used in Fischer et al [Fisll] to 60s. This has been calculated from measure­
ments of tritium , at lower pressures, performed in the set-up of the third LARA system 
at TLK (LARA3).
9 .1 .2  D ep o larisa tion  m easurem ents
A technique of accurately measuring the depolarisation ratio in the 90° Raman con­
figuration has been developed, along with a method of correcting for solid angle and 
polarisation aberration effects in the optics. This technique has been applied to mea­
sure the depolarisation ratio of the hydrogen isotopologues and some of the atmospheric 
gases.
D epolarisation m easurements o f the hydrogen isotopoloogues
Depolarisation measurements of all six hydrogen isotopologues have been successfully 
completed and the corrected depolarisation ratios of the Qi-branch agree with the theo­
retical values, calculated by LeRoy, with a la  confidence level. Comparing the values of 
hydrogen with others in the literature, shows that the results obtained in this work are 
more accurate than previously published data. The results of these measurements have 
been accepted for publication in James et al [Jaml2a] and the depolarisation correction 
method has been described in a separate publication, Schlosser et al [Schl2a].
The line positions of the non-tritiated hydrogen isotopologues have been accurately 
measured and compared with the theoretically calculated energy levels of LeRoy, as 
well as the experimental approximations of the line positions given in chapter 2. The 
measured line positions of D2 agree with the theoretical values, within the experimental 
uncertainty. The H2 and HD lines have been found with an offset of 0.8 cm-1 and 
0.5 cm-1 respectively, compared to the LeRoy values. This offset is probably caused by 
an inaccurate wavelength calibration. The measurements show that the approximations 
of the line positions of HD, based on literature spectroscopic constants given in chapter 
2, are no longer valid for J  >  4, as the offset between the values measured here increases 
beyond this point.
Depolarisation measurements o f atmospheric gases
Spectroscopy and depolarisation measurements on the atmospheric gases methane, car­
bon dioxide, nitrogen and oxygen have been performed. The depolarisation ratios of 
the various branches have been successfully determined and compared with the values 
that are available from the literature. Reliable calculations of the polarisability m atrix
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elements would need to be performed, to enable a similar rigorous comparison with the 
theory, as was made for the hydrogen isotopologues.
The isotopic abundances of the different isotopologues in nitrogen, oxygen and carbon 
dioxide have been verified from Raman intensity ratios. The measured values match the 
literature values, within the experimental uncertainty. A similar verification of the 
isotopic abundance of the minor isotopologue of methane could not be performed; this 
feature convolutes with the equivalent branch of the main isotopologue.
Overall, this indicates tha t the KATRIN LARA setup can measure compositions to 
a reasonably high accuracy, as long as the spectral lines are sufficiently resolved.
9 .1 .3  R am an b eyon d  K A T R IN
Various test setups to improve the sensitivity of Ram an spectroscopy beyond the scope 
of the KATRIN experiment have been investigated. The main techniques th a t have 
been discussed are: 0° (forward scattering), 180° (backward scattering), and capillary 
Raman spectroscopy. The sensitivity increase has been demonstrated with the “final” 
optimal capillary Raman setup, using air as the scattering medium. In these measure­
ments it was possible to detect carbon dioxide, at the ppm level, for short light collection 
times. Capillary Raman spectra of pure deuterium  have also been measured success­
fully, with short acquisition times of less than 3 s reaching detection limits of «  0.21%, 
demonstrating the feasibility of using the setup with the hydrogen isotopologues.
Capillary Raman spectroscopy has been found to produce Ram an signals tha t are 
a factor of 170 higher than  single-pass 90° Raman, when comparing the Raman Qi- 
branch of nitrogen in air. The increase in the SNR varies, as the acquisition time 
changes, between a factor of 9 for five averaged 2 s acquisitions, and 24 for five averaged 
0.2 s acquisitions. This variation is associated with the noise increasing with acquisition 
time for capillary Raman spectroscopy, whereas it remains approximately constant for 
90° Raman spectroscopy. Consequently, there is a potential to reduce the noise further 
without attenuating the signal, and thus improving the SNR.
9.2 O utlook
As the research discussed in this thesis is part of an on-going collaboration between 
Swansea University and the Tritium Laboratory Karlsruhe (TLK) at the Karlsruhe 
Institute of Technology (KIT), further improvements can be made, and the research can 
be taken forward.
As a result of the successful verification of the theoretical polarisability matrix el­
ements of LeRoy [LRoy88] [Roy 12], with a la  confidence level, these will be used to 
produce an accurate calibration of the KATRIN LARA system for all six hydrogen 
isotopologues. This is achieved by using the polarisability m atrix elements to form
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a theoretical Raman intensity, and combining this with the spectral sensitivity of the 
LARA system. Before this work had been completed, a method of accurately measuring 
the spectral sensitivity of the KATRIN LARA system had been developed at TLK by 
other members of the LARA group [Rupl2]. This calibration method, using theoretical 
intensities and spectral sensitivity, could be compared with the HYDE calibration of ac­
curate gas samples ([Herll], [Rupl2]), for the non-tritiated hydrogen isotopologues H2, 
HD and D2. This comparison is discussed in Schlosser et al [Schl2b] and demonstrated 
tha t the resultant relative response functions agreed within 2%. This comparison will 
be extended to include the tritiated hydrogen isotopologues, by extending the HYDE 
calibration method; this will be investigated at TLK in the near future.
To complete the full comparison of the measured and theoretical Raman spectra, the 
preliminary accurate measurements of the line positions of the non-tritiated hydrogen 
isotopologues will be repeated and extended at TLK to include all six hydrogen isotpo- 
logues. To enable an accurate comparison, a sufficient number of calibration lamps will 
be used to calibrate all of the relevant spectral regions accurately.
As the KATRIN LARA system in TLK can now be fully calibrated and the system 
exhibits higher sensitivity, a repeat of the long-term LOOPINO test run will be per­
formed. To make this situation as similar to the real KATRIN run, the system would 
have to output compositions in real time, throughout the measurement run of approx­
imately one month. This is shorter than an individual KATRIN run of 60 days, but 
it will enable a thorough test of the LARA system in KATRIN-like conditions. To 
do this, the analysis software routines, discussed in the appendix of this work, will be 
combined with the acquisition routine, as one integrated software package in National 
Instruments Lab VIEW. Methodologies will also have to be devised and the appropriate 
equipment identified to provide operator-feedback 011 LARA-fail situations. The system 
will be calibrated before the start of the measurement run, to determine the spectral 
sensitivity. This will be combined with the experimentally verified polarisability tensors 
of LeRoy to enable the measured Raman signals to be converted to a composition. This 
composition will be output in real time and the precision of these values will also be 
monitored. The aim is to perform this KATRIN-like LARA test run before the end of 
June 2013.
As a result of the successful tests of capillary Raman spectroscopy increasing the 
measurement sensitivity, the system has been sent to TLK to be converted, so that it is 
tritium  compatible. This will involve fully testing the system with various non-tritiated 
gas mixtures, to identify the modifications th a t would be required to make the cap­
illary setup tritium  compatible. After the conversion is complete, the system will be 
retested with the tritiated hydrogen isotopologues and the more sensitive detection sys­
tems available in TLK. This will enable the sensitivity of the setup to be quantified and 
to either demonstrate, or reject, the use of capillary-enhancement for tritium  monitoring
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and accounting at TLK.
Close to the submission point of this thesis, whilst the capillary Raman system was 
still in Swansea, additional gas circulation measurements were performed. This involved 
connecting the capillary cell in-line to Swansea’s gas mixing system and circulating gas 
mixtures through the cell. This enabled the formation of HD from a H2 and D2 gas 
m ixture to be monitored and observed in real time. The results of these measurements 
along with the sensitivity improvement comparisons included in this work will be sub­
m itted in a forthcoming publication, as they demonstrate the possible capabilities of the 
system.
To try  and improve the sensitivity of Raman spectroscopy of gases, further tests will 
be performed, where the excitation source wavelength is changed from 532 nm to 405 nm. 
The excitation source th a t will be tested is a tem perature and current stabilised laser 
diode, where the wavelength is narrowed and locked, using a holographic grating. As the 
Raman intensity is proportional to v q { v q  — v v , j ) 3 , it i s  therefore inversely proportional 
to about the 4th power of the laser wavelength. Changing the laser wavelength from 
532 nm to 405 nm should lead to an increase in the Raman intensity of between a factor 
of 2.98 (Pv j^ =  0cm -1 ) and a factor of 3.70 ( fy j  =  4500cm-1 ). If this potential increase 
in intensity, from the change in excitation wavelength, is combined with the capillary 
Raman setup, the increase in the system sensitivity over the KATRIN LARA system 
would approach two orders of magnitude. This would mean the system is capable of 
monitoring gas composition in real time, as the acquisition plus analysis time would 
be on the 1 s time scale. The acquisition plus analysis time scale will be quantified for 
both the KATRIN LARA system (90°) and capillary Ram an setups as this number is 
im portant to know the feedback time of a monitoring system.
The KATRIN LARA group in Swansea and TLK intend to investigate these improve­
ments in the coming months as part of the on-going collaboration between the two 
institutes.

Appendix A 
A ppendices
These appendices contain extra information tha t should enhance the understanding of 
the main content of this thesis. The sections included are
•  A .l Raman intensity theory
•  A.2 Swansea’s gas mixing system
• A.3 Synapse CCD detector characterisation
• A.4 Depolarisation measurement data  of the hydrogen isotopologues
•  A.5 Derivation of the polarisbility m atrix elements for nitrogen and oxygen
• A.6 Software and analysis routines
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A .l  R am an intensity  theory
This section contains the step-by-step derivations of different parts of the Raman inten­
sity theory discussed in chapter 3.
A . 1.1 S ingle p o in t, zero solid angle (SPOSA) approxim ation
This section contains the full derivation of the intensity components for the single point, 
zero solid angle (SPOSA) approximation. The definitions are repeated for clarity.
We firstly define the line strength function with the scattering geometry such that 
ip = 0 i.e. the SPOSA approximation. There are four intensity configurations to be 
considered for linearly polarised incident radiation these being: 1(6-, ± s, _LZ), I(9\ _LS, j|l), 
1(0; || ',  IIs) and 1(8; ||M < ).
For 1(9; ||s, A.1) the polarisation of the scattered ray is
(P||o) =  (Pco) (A.l)
Then using equation (3.19) leads to
(Pco) =  ~ ( P x o )  cos 9+  ( p z o )  sin 9 (A.2)
From the definition of the incident polarisation we know that Ej_i = Eyo, so that E xo = 
£7*o =  0 and substituting in the definitions of ( p xo )  and ( p z o) from equations (3.23) and 
(3.25) leads to
(P||o) =  (Pco) =  - ( a xy)Ey0cos9 +  (azy)Ey0 sin 9 (A.3)
Then squaring and introducing isotropic averages leads to
(Plio)2 =  ( Pc o)2 =  (((*xy)2) cos2 9 +  ((a zy)2) sin2 9)E*0 (A.4)
Using ((a xy)2) =  ((a zy)2) (Long (2002) [Lon02]) and cos2 9 +  sin2 9 = 1 leads to
Olio)2 =  ( ( « , ) 2>£»2o (A.5)
This can be substituted into equation (2.4) (with the correct wavelength dependence) 
and the irradiance J  is introduced as X = ^ceoEy0 for A.1 and I  =  ^ceo£720 for \\l , where 
c is the speed of light in the vacuum and eo is the permittivity of free space to give
I($; II*, Xs) =  k p ^ v o  -  (A.6)
Following similar derivations for 1(9; _LS, _LZ), I(9\ J_s, ||*) and 1(9; ||s, \\l) gives:
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for 7(6>; _LS, J_0
(Rlo) =  (Pbo) = (ayy)EyO (A.7)
(P-Lo) =  (Pbo) == ((a yy) )Eyo (A-8)
using the definitions of irradiance from above
1(0; _LS, _L*) =  kp(is0 (is0  -  vvj ) 3 giNi((ayy)2) l  (A.9)
for / ( 0 ; _ L S , | | l ) = Ex0 so
(p.lo) =  (pbo) = (&yx)E x 0  (A.10)
(p±o)2 =  (Pbo)2 =  ((oLyx)2)E l  o (A.11)
using the definitions of the irradiance from above
1(6; ± s, IP) =  k m bM) -  *v,j)3 9 iNi((ayx)2) l  (A.12)
and for 1 ( 6 ; ||s, Ip) =  £*0
(P||o) =  (Pco) = -(oixx)Ex0 cos 0 +  (a zx) ^ l0 sin^ (A.13)
(P||o)2 =  (Pco)2 =  ( ( ( a x x ) 2 ) cos2 0 +  ( (a ZI)2) sin2 0 )£ 2O (A.14)
using the definitions of irradiance from above
!(0\ IIs ) ID =  kuUo(uQ -  Pv, j )3giNi (((a xx)2) cos2 0  +  ( (azx)2) sin2 6 ) X  (A.15)
A . 1.2 E x ten d ed  source, non-zero  so lid  angle (E SSA ) app rox im ation
This section contains the full derivation of the intensity components for the extended 
source, non-zero solid angle (ESSA) approximation. The definitions are repeated for
clarity. To bring the theory into line with a real measurement setup the line strength
function will now be defined, where p  and 0 are both allowed to vary i.e. the ESSA 
approximation. The four intensity configurations for linearly polarised incident radiation 
are the same as for the SPOSA approximation. The notation is changed to  also include 
the dependence on p.  For 1(0, p; ||s, _L®) the polarisation of the scattered ray is
(P\\o) = (Pco) (A.16)
Then using equation (3.22) this becomes
(Pco) =  - (Pso) cos p  cos 0 -  (pyo) sin p  cos 0 +  (pz0) sin 0 (A.17)
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From the definition of the incident polarisation we know that E_±_i = E yo, so tha t Exo =  
E zo =  0 and substituting in the definitions of (pxo), (PyO) and (pzo) from equations
(3.23), (3.24) and (3.25) leads to
(P||o) =  (Pco) =  - ( a Xy)EyOcos(pcos0 -  (ayy)Ey0  sin p  cos 0 +  (azy)Eyo sin 9 (A. 18)
Then squaring and introducing isotropic averages leads to
(p,|o)2 =  ((Pco))2 =  (((Oixy j2) cos2 p  cos2 0
+ ((ocyy)2) sin2 p  cos2 9 +  ((a zy)2) sin2 9)E 2 0 (A. 19)
using the definitions of irradiance from above leads to
1(9, p; ||s, -L') =  kpv0 (i7o -  i>u,j ) 3^ A i( ( (a a;y)2) cos2 p cos2 9
+  ((ctyy)2) sin2 ip cos2 9 +  ((a zy)2) sin2 9)X (A.20)
Following similar derivations for 1(9, p\ _LS, _Ll), 1(9, p; _LS, ||l) and 1(9, <p\ ||s, ||2) gives 
for I ( 0 , ' p ;±s, ± i)
(P±o) =  (Pbo) = -(Pxo) Sin ip +  (pyo) cos p  (A.21)
From the definition of the incident polarisation we know that E±i = Eyo so th a t E xo =  
E zo =  0 and substituting in the definitions of (pxo) and (pyo) from equations (3.23) and
(3.24) leads to
(P-Lo) =  (Pw) =  - ( a xy)Eyo sin p  +  (ayy)Eyo cos p  (A.22)
Then squaring and introducing isotropic averages leads to
(p±o)2 =  ({Pbo) ) 2 = (((ocxy)2) sin2 p  +  ((ayy)2) cos2 p )E %0  (A.23)
=  ( ( K y ) 2) ~ (((a yy)2) ~ ((a xy)2)) sin2 (^)E20 (A.24)
using the definitions of irradiance from above leads to
1(0, p\ _LS, -L2) =  kyj70 (i70  -  i>v,j)3 9 iNi(((ayy)2) -  (((a yy)2) -  ((a xy)2)) sin2 p)X  (A.25)
For 1(9, p\ ||z) the polarisation of the scattered ray is
( r l o )  =  (Pbo) =  ~ (Pxo )  sin p  +  (pyo) cos p  (A.26)
From the definition of the incident polarisation we know that E^i = E xo so th a t E yo =  
E zo =  0 and substituting in the definitions of (pxo) and (pyo) from equations (3.23) and
(3.24) leads to
(P-Lo) =  (pm) =  ~(&xx)Exo sin p  +  (ayx)Ex 0  cos p  (A.27)
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Then squaring and introducing isotropic averages leads to
( r lo )2 =  ((Pbo))2 =  « K z ) 2> sin2 v  +  ((otyx)2) cos2 <p)ElQ (A.28)
using the definitions of irradiance from above leads to
1(9, ± s, ||*) =  k„vo(vQ -  f>v,j)3 9 iNi(((axx)2) sin2 ip +  <(a yx)2) cos2 p>)T (A.29)
For 1(9, p>] ||s, ||*) the polarisation of the scattered ray is
(P||o) =  (Pco) =  -  (Pxo) cos ip cos 0 -  (pyo) sin ip cos 0 +  (pz0) sin 0 (A.30)
From the definition of the incident polarisation we know that E\\i =  E xo so tha t E yo =  
E zo =  0 and substituting in the definitions of (pxo), (Pyo) and (pzo) from equations
(3.23), (3.24) and (3.25) leads to
(P||o) =  (Pco) =  - ( a xx)E x 0  cos ip cos 0 -  (ayx)E x 0  sin (pcos0 +  (azx)Ex 0  sin 0 (A.31)
Then squaring and introducing isotropic averages leads to
(pyo)2 =  (bco))2 =  (((« ra)2) cos2 ip cos2 0
+  ((<%c)2) sin2 V c o s 2  0 +  ((a zx)2) sin2 9)E%o (A.32)
using the definitions of irradiance from above leads to
W  <p; ID ID =  kDu0(uo -  9 iNi(((aXx)2) cos2 ip cos2 9
+ ((<Xyx)2) sin2 ip cos2 0 +  ((azx)2) sin2 9)1 (A.33)
A . 1.3 C om p lete  line s tren g th  fu n ction  - E SSA
This section contains the additional lines of calculation th a t enable the derivation of the 
line strength function equations for the ESSA approximation for diatomic molecules to 
be followed more easily. For clarity the four polarisation configurations are:
1 (0 , V; II*, ± 0 - 1(6, <P\ -L5, -L'). 1(6, <P\ IIs. Il‘) and 1 (0 , *>; ||>, ||‘).
Firstly for 1(9, ip] ||s , ±*) if we substitute equations (3.42) and (3.43) into equation
(A.20) gives
1(9, ip-, ||s , X*) =  kzi70 (i70  -  uv^ j f  g i N i ( ^ b 2 f Q: JiQ\(vf \^\vl ) \ 2 cos2 ip cos2 9 
+  (K ^H v*)!2 +  ^ b 2 f 0 :j i0 \(vf \'y\vl)\2 ) s m 2 ipcos2 9 
+  ^ b]fo:jio\(v f h \ vt)\2sin20) x  (A -34)
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Rearranging leads to
ID-L1) =  kjji70(i70 -  i/Vjj ) 3giNi(\(vf\a\vl)\2 sin2 <pcos2 0 
+  ^ 6j/0:JioKv / D|v’)|2(3 +  sin2 p)  cos2 9
+  oKv / M v ') |2sin2 0 ) l  (A.35)
=  kyi70(u0 -  Vvj )3 giNi(\(vf \a\vl)\2 sin2 ip cos2 9
+  ^ ^ ^ j/0: j * o I D l ^ 1)|2(3(cos2 0 +  sin2 0) +  sin2 (pcos2 9)^1  (A.36)
= ^ z 70(f70 -  PVtj ) 3giNi(j(vf \a\vl)\2 sin2 ip cos2 9
+ ^ o J {Vflt V)l  (3 +  si“2 vcos2 « ) ) l  (A.37)
Then for 1(0, ip-, ± s, _L*) if we substitute equations (3.42) and (3.43) into equation (A.25)
gives
I (9,ip-±s, ± i) =  kpu0(i70 -  VvjfgiNi^Kvflalv1)]2 +  ^ b 2Jf0:Ji0\(vf\1 \vi)\2 
~ {\(vf \a\vl)\2 +  ^ b 2JfQ:Ji0\(vf \~i\vl)\2
~  ^ j /o :J * o K u / Dlv*)|2)s in 2 ^ I  (A.38)
Rearranging leads to
^ ( ^ , ^ ; - L s , - L z) =  kpu0(i70 -  i>v , j fg iNi( \ (vf \a\vl )\2 +  ^ b 2j f 0:ji0\(vf \'y\vt)\2 
~ \(vf \a\vl)\2 sin2 ip -  ~ ^ j f 0:j i 0\(vf \'y\vt)\2 sm2 p
o
+  456j/0:JioKv / l7|vt) |2)sin2 ^ I  (A.39)
=  kpPo(i70 -  i>vj ) 3giNi(\(vf\a\vl)\2(\ -  sin2 ^)
+  ^&j/0:J*oKv / H vt>l2(4 -  sin2 <p))z (A.40)
=  kpi70(uo -  Pv, j)3giNi(\(vf \a\vl)\2 cos2 <p
+  ^ J / o ^ o K ^ D I ^ ) ^ 4 -  sin2 <p)^l (A.41)
Then for 1(9, ip-, _LS, ||*) if we substitute equations (3.42) and (3.43) into equation (A.29)
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gives
J ( 0 ,< p ; _ L M |* )  =  fcj?Mb(i70 -  
4
451
.ni2
+  ^ ^ /o :J* o K u / l7|v‘) |2cos2 ^ Z  (A.42)
Rearranging leads to
■W V?;-Ls, II*) =  fav 0 (v0  -  vv, j ) 3 giNi(\ (v f \a\v x ) \ 2 sin2 tp
+  ^ 62/0:J2olD/ l7 l^ ) |2(4sin2 v? +  3cos2 v?))j (A.43)
=  foi'o^o -  ^v,j)3 9 iNi(ji(v^\a\v* ) \ 2  sin2  p
+  ^ fej/0:JioKu / l7 k 1) |2(3(sin2 y> +  cos2 ^ ) +  sin2^ ) ) j  (A.44)
=  fo i'o^ o  -  £u,j)30»A i^ |(i/|a |i;*)|2 sin2 y>
+  ^ % 0;J,0(3 +  s i n V ) ) l  (A.45)
And finally for 1 (6 , </?; ||s , ||*) if we substitute equations (3.42) and (3.43) into equation 
(A.33) gives
ir, in  =  kDi70 (iyQ -  i>Vij ) 3 g iNi (( \ ( v f \a\vl ) \ 2  +  ^ ^ j /o ^ io K ^ D I ^ ) ! 2)  cos2 <pcos2 645
+  ^ ftj/O:J*oKu / l7|v<>|2 sin2 ^cos2 0 +  ^ b 2JfQ:Ji0 \(vf \'y\vi )\2 8m 2 6 ) 1
(A.46)
Rearranging leads to
IIs, ID =  kjyi70 (u0 -  i>t;,j)3^iV i(|(u/ |a |ul ) |2 cos2 pcos20 
+  ^ 6J/0:Ji0ID/ l7 l^ ) |2((4cos2 +  3sin2 p) cos2 0)
+  J j 6W j<oK v / l7l*>*)|2sin2 0)Z (A.47)
=  kj>vo(vo -  vvj ) 3giNi(\ (vf  \a\vl )\2 cos2 p cos2 0
+  ^ b J f O : J i o \ ( v f h \ v %) \ 2 ( @  +  COs2 V?) COs2 # )
+  ^ 62/O:j»olD/ l7 l^ ) |2sin2 0 )J  (A.48)
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1 (0 , W l|S^ ID =  kj>vo{v0  ~ vV)J)*giNi(\{vf  \a\vl ) \ 2 cos2 y?cos20
+  — bjf0.JlQ\(vf \'y\vl)\2(cos2 pcos2 6 +  3 co s2 9 +  3 s in 2 6))X (A .49)
4o
=  k„vo(i7o -  Pv,j)39iNi(\{vf \a\vl)\2 cos2 ipcos2 6  
\(vf\'v\vi)\2
H — ------- b2JfQ:j ,0(3 +  co s2 ipcos2 B))X (A .50)
T lic  lin e  s t r e n g th  fu n c tio n s  fo r th e  E SSA  a p p ro x im a tio n  c a n  b e  e x tra c te d  from  th e  final 
e q u a tio n s  for each  p o la r is a tio n  regim e.
A . 1 .4  S o lid  a n g le  p a r a m e te r i s a t io n
T h e  so lid  an g le  in flu en ces th e  in te g ra tio n  by defin ing  th e  lim its  to  in te g ra te  <p, 6 a n d  z 
over. T h e  s im p le s t co llec tio n  so lid  ang le  th a t  co u ld  b e  co n s id ered  is t h a t  w here  R a m a n  
lig h t is im a g ed  by a  sing le  lens. H ow ever in  all m e a su re m e n ts  in  th is  w ork  an  a d d itio n a l 
a p e r tu re  is in  p lace , th is  b e in g  th e  R a m a n  cell w indow , as can  b e  seen  in  figure A .l .  
If  th e  s c a t te r e d  ra y  con ies from  a  sing le p o in t, th e  sm a lle r  a p e r tu re  w ould  govern  th e
xw
F ig u re  A .l :  S k etch  o f th e  a p e r tu re s  m a k in g  u p  th e  co llec tio n  geom etry , rw  is th e  w indow  
ra d iu s , r f  is th e  ra d iu s  o f th e  “lens a p e r tu re ” , xw  is th e  d is ta n c e  fro m  th e  s c a tte r in g  
c e n tre  to  th e  w indow  a n d  x f  is th e  d is ta n c e  from  th e  s c a tte r in g  c e n tre  to  th e  “lens 
a p e r tu r e ” .
co llec tio n  ang le . H ow ever, as h as  b een  d iscu ssed  in  c h a p te r  3, th e  rea l co llec tio n  is 
e x te n d e d , 6  m m  in  le n g th , a lo n g  th e  le n g th  o f th e  la ser b e a m  (z-ax is). T h is  m e an s  t h a t  
th e  a p e r tu r e  o v e rla p  b ec o m e s m ore co m p lica ted .
T h e  so lid  an g le  is p a ra m e te r is e d  in  3 s tep s . F irs tly  th e  z p a ra m e te r is a t io n  is co n s id ­
ered , follow ed by th e  6 p a ra m e tr is a t io n  th e n  th e  p  p a ra m e te r is a t io n . T h e  solid  ang le  
p a ra m e te r is a t io n  th a t  is co n s id ered  h ere  is th e  sam e as t h a t  used  in  th e  d e p o la r isa ­
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t io n  r a t io  c o rre c tio n  so ftw are  p ro c e d u re  d isc u sse d  in  S ch losser et al [S ch l2a] a n d  in  
th e  d o c u m e n ta tio n  for th e  D ep o l T oo ls a n a ly s is  so f tw a re  ([SJLb] a n d  [S JL a]). T h e  z 
p a ra m e te r is a t io n  is fa ir ly  s tra ig h tfo rw a rd , so i t  w ill b e  co n s id e re d  f irs t.
z-param ete risa tio n  F ig u re  A .l  c a n  b e  m o d ified  to  v isu a lly  sh o w n  th e  in te g ra tio n  
lim its  o f z, th is  is sh o w n  in figu re  A .2 . T h e  m a x im u m  z p o s it io n  is th e  f u r th e s t  p o s it io n
z m a x
rw
xw
F ig u re  A .2: S k etch  o f th e  a p e r tu re s  m a k in g  u p  th e  co llec tio n  g e o m e try  w ith  th e  lim its  
for z -p a ra m e te r is a t io n .  F or d e ta ils  see te x t .
a lo n g  th e  z -ax is w h ere  lig h t e m it te d  fro m  th is  lo c a tio n  p asses  th ro u g h  b o th  a p e r tu re s
(zmax). I t c a n  be  c a lc u la te d  u sin g  T h a le ’s th e o re m
z m a x ( r w>x w i r f>x f)  =  r w T  ( r f  -t- r w ) ( A . 5 1 )
x f -  r w
A s c a n  b e  seen  v isu a lly  in  th e  figu re , th e  lim itin g  a p e r tu r e  ch a n g es  a s  z in c re ase s . T h e  
p o s it io n s  o n  th e  z ax is , w h e re  th e  l im itin g  a p e r tu r e  ch a n g es , n eed  to  b e  d e fin e d  w h en  
p a ra m e te r is in g  0 a n d  p. T h e  f irs t o f th e s e  is eq u a l to  th e  w in d o w  ra d iu s  rw. T h e  se co n d  
d is ta n c e  w e w ill define  as 77 as  sh o w n  in  th e  figu re , w h ich  is
rj = rw - x w— — —  (A .52)
f
T h e se  d e fin itio n s  a re  va lid  w h en  r f  > r w  as is sh o w n  in  figu re  A .2. H ow ever, in  som e 
m e a su re m e n ts  in  th is  w ork rw > r j , w h ich  ch a n g es  figu re  A .2  to  figu re  A .3. z tnax is th e
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/ m a
7
rf
x
xf
F ig u re  A .3: S k e tc h  of th e  a p e r tu re s  m a k in g  u p  th e  co llec tio n  g e o m e try  w ith  th e  lim its  
for z -p a ra m e te r is a t io n  w h en  rw > rj.  F or d e ta ils  see te x t.
sa m e  as in  th e  rj  >  rw ca se  a n d  ry  is th e  second  re q u ire d  d is ta n c e  p a ra m e te r .  A new  
d e fin itio n  o f th e  in te rm e d ia te  d is ta n c e  fj is re q u ired
T h is  p a ra m e te r is a t io n  sp li ts  th e  ligh t co llec tion  lim ita tio n  u p  in to  th re e  reg ions n am ely : 
0 < z < r j , r j < z < r w a n d  rw < z  <  z mAX w h en  ry  > rw 
a n d
0 < z < rf , rf  < z < fj a n d  fj < z < 2 max w hen  rw >  r / .  T h is  m e an s  th a t  th e  
z - in te g ra tio n  is sp li t  in to  th re e  s e p a ra te  te rm s .
^ -p a ra m e te r is a tio n  U sin g  th e  d is ta n c e s  defined  a lo n g  th e  z-ax is th e  m a x im u m  a n d
m in im u m  values o f 6 c a n  b e  defin ed  for b o th  rj  > rw a n d  rw > rf.  F or ry >  rw
(A .53)
^ m in  ( t' w  i % w  C ' f  •> ^  f  i %) —  <
inax
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and the maximum value of 6  in the range 0 <  2 <  2max is
. / . 7T _i ( r t  + z \
Vmm{rw,xw, r f , X f , z )  =  -  +  tan  ^ ^ J
For rw > rf
^min 3-u;) f / j  *£/j ■Z) — ^
-1s in
7T — s in
  E L______
Cxj+(r/~z)2)05 0 < 0 < ry
r , < z < f j
< 2 <  2r
(A.55)
(A.5 6 )
and the maximum value of 6  in the range 0 < 2 < 2max is the same as for r f  > rw
These are the solid angle definitions for p  = 0. To parameterise ip an additional 
dependence on ip will need to be included in some of the definitions of the distances and 
radii.
c^ -param eterisa tion  Figure A.4 helps to visualise the ip dependence. The figure 
shows that the distances x w and Xf  will stretch to  new distances x'w and x'f. The 
aperture radii rw and ry also get changed to rz w^ and rzj ,  which are the effective radius 
of the limiting aperture along the <p plane. The effective radii are given by (using 
Pythagoras)
rz,w(<p) =  ( r l  -  tan2(<y>)a:2 )0 5 (A.57)
rz,f{<p) = (rz -  tan 2 (tp)x2f ) 0 -5 (A.58)
The stretched aperture distances are then given by
/ / \ %w
^
*'/(¥>) =J cosp
These expressions then can be substituted into the z and 9 
(z m a x , 7?, 0min and 0 m ax) to obtain for ry >  rw.
(A.59) 
(A.60)
parameterisation equations
z m a x (A , <p) =  ( r 2 -  tan 2(^ )z 2 f 5 +  - ^ - ( ( r 2 -  tan2(<y>)z2)0-5
X f  -  x w \  J
+  ( r i  ~ tan 2((^)x2 ) 0 5 )  ( A . 6 1 )
256 APPENDIX A. APPENDICES
7  W
F ig u re  A .4: S k e tch  of th e  a p e r tu re s  m a k in g  u p  th e  co llec tio n  g eo m etry  to  help  v isua lise  
th e  (/^ -p a ram ete risa tio n . N o te  th e  red  c irc les a re  th e  a p e r tu re s  a n d  a re  p e rp e n d ic u la r  to  
th e  y -ax is  a n d  r 2)U/, is a lo n g  th e  </?-pla.ne. F or d e ta ils  see te x t.
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t?(A, <p) =  (r£  -  tan 2 (ip)x2J 0 -5  -  ( (r2w -  tan 2 (<p)x2J° -
X f  -  x w \
-  (r2 - t & n 2 (ip)x2f )0 ^ (A.62)
^ m i n  ( A ,  z )  —  <
s in -1 x j  /  cos y?
s in -1
7T — s in
( 2 \(x //co sy ? )2+ ( ( j ' f —tan2(i,o)xy.)0-5—z) J /
! « , /  COS ip
^ (x w /cos<^)2+ ( ( r 2 - t a n 2(</>)x2 )°-5 - z )  ^
________________________X w  /  COS i p___________________-1
^ (x ^ /c o sv ? )2+ ( ( r 2 - t a n 2(y>)x2 )°-5 - z )  ^
0 < z < rj 
rj < z < rv 
rw < z  < zTXTF I I  ^  ^  — *m ax
and
7T j ( { r 2 -  ta,n2 ((p)x2 ) 0  5 + z
(A,z,(p) = -  + tan  -------------   i----------2 y x /  /  cos (p
(A.63)
(A.64)
Note th a t for the as a function of A = rw, x w, r f ,  Xf  for display purposes.
For rw > rf ,  zmax and 0max are the same as for ry >  rw the other two param eters are
2 / \ 2 \ 0-5 . x frj(A,<p) = (rz -  tan  {<p)xf ) ' + U r 2w - t a n 2( ^ ) 05
Xf  XW '
-  (r2 -  tan 2 {(p)x2f )0 ^  (A.65)
and
^min (A, Z) — <
-1sin
7r — sin
X f  /  COS i f
Xf/  cos<^)2+((7-2—tan2(<p)x^)0-5 —z) ^
. 1  I _________________________ X f /  c o s  tp_________________________
\  ^ (x /cos<p)2+((7-2- t a n 2(<p)xp°-5 - z )  ^
7r — sm - l Xw/ cosy?
^ (x w/cos</>)2 +  ( ( r 2 - t a n 2((^)x2))°-5 - z )  ^
0 < Z <  T f  
r f  < z  < fj 
V ^  Z ^  ^max
The final param eter than  needs defining is <£>max which is simply
ty^max =  tan  )
(A.66)
(A.67)
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and is valid in all situations.
All the parameterisations axe now dependent on <p. This means tha t the parameteri- 
sations can now be set as the integration limits for the intensity integral.
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A .2 Sw ansea’s gas m ixing system
A .2.1 In trodu ction
T h e  d isc u ss io n  h e re  is a  re p ro d u c tio n  of th e  m a n u a l on  how  to  u se  th e  gas m ix in g  
sy s te m  in  S w a n sea  safe ly  a n d  co rrec tly . T h e  gas m ix in g  sy s te m  is m o u n te d  to  th e  
tro lle y  c o n ta in in g  th e  S w a n sea  la se r  R a m a n  (L A R A ) e n c lo su re  a n d  is s p re a d  over tw o 
p la te s  as ca n  b e  seen  in  figures A .5 a n d  A .6. A  c irc u it  d ia g ra m  o f th e  g as m ix in g  sy s te m  
is c o n ta in e d  in  fig u re  A .7.
Valve
Gas b o t t le s
F ig u re  A .5: P la te  1 o f th e  gas m ix in g  sy s te m . T h is  c o n ta in s  th e  g as b o tt le s ,  re g u la to rs  
a n d  valves 1 a n d  2
T h e  tu b in g  is 6 m m  Swagelok s ta in le s s  s te e l tu b in g . T h e  p re s su re  g au g e s  (SUNX 
D P - 100 series) P I  a n d  P 2  n eed  to  b e  p o w ered  by  a n  e x te rn a l  p o w er su p p ly . T h e  m a n u a l 
s ta te s  th a t  th e  s u p p ly  v o lta g e  is D C  12 to  24 V. T h e  v o lta g e  a n d  c u r re n t  th re sh o ld  is 
a ro u n d  a b o u t  8 V w ith  a  c u r re n t  o f 60 m A  for a  b r ig h t d isp la y  u s in g  a  v a r ia b le  v o lta g e  
p o w er su p p ly . T h e  valves a re  Swagelok S S -6B K -M M  bellow s se a le d  valves, th e  c a ta ly s t  
tu b e  is c u s to m  m a d e  in  th e  T r i t iu m  L a b o ra to ry  K a r ls ru h e  (T L K ) a t  th e  K a r ls ru h e
260 APPENDIX A. APPENDICES
location
V alve
F ig u re  A .6: P la te  2 o f th e  g as  m ix ing  sy s tem . T h is  c o n ta in s  th e  over p re ssu re  valve 
(O P ) , th e  tw o  bu ffe r vessels (M l a n d  M 2), c a ta ly s t  tu b e ,  p re ssu re  c e n tre s  ( P I  a n d  P 2 ), 
e v a c u a tio n  p u m p  (E p ) , c irc u la tio n  p u m p  (C p ) an d  valves 3 to  11.
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Valve 1
Regulators
Valve 2
Gas bottles
To plate 2
Catalyst tube
Valve 8
Valve 4
Valve 7 YValve 6
Valve 9
M l
b) Plate 2Valve 11
Cell
location M 2
'Valve 5
O P
Valve 3
Valve 10
from plate 1
F ig u re  A .7: C irc u it  d ia g ra m  o f th e  gas m ix in g  sy s te m , a ) P la te  1 a n d  b) P la te  2. T h e  
la b e llin g  is th e  sa m e  as in  figu res A .5 a n d  A .6.
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Institute of Technology (KIT) and is described in its manual [SchlOb]. The two pumps 
are an oil rotary vane pump (Edwards RV5 A65301903) for evacuating the system and 
a metal bellows pumping unit (Metal Bellows Corp MB-158E) for gas circulation. The 
metal bellows pump is mounted to a metal block to isolate some of the vibrations and has 
two 1/4” Swagelok VCR connectors mounted to the top. These 1/4” VCR connectors are 
connected to the 6 mm Swagelok tubing of the gas mixing system via the VCR connector 
and 1/4” Swagelok flexible tubing (321-4-X-2) to isolate the pump vibrations further. 
The rotary vane pump is connected to the gas mixing system via flexible hose. When 
in use the rotary pump should be connected to the outside via flexible tubing (in this 
case the tubing is placed so th a t it sticks out of the window). However, when the pump 
is off the tube is disconnected as it would be a trip hazard. To prevent accidental direct 
venting into the room an oil filter is placed on top of the pump. The buffer vessels M l 
and M2 are made from Cabum  flange parts with Swagelok adapters attached to the front 
face. The over pressure valve OP is a Swagelok low pressure proportional relief valve 
(SS-RL3) set to release if the pressure exceeds approximately 1.5 bar. The regulators 
are Concoa 302 series (302 2302-01-000) single stage regulators. The system is used to 
fill the LARA cell with a single gas or to mix deuterium with hydrogen or methane.
A .2.2 C onn ectin g  p arts to  th e  sy stem
C o n n e c tin g  gas b o t t le s  Gas bottles are connected to the gas mixing system on plate 
1 (see figure A.5). The connection procedure is as follows.
1. Place seal into thread connector and ensure PT FE  tape is wrapped around the 
thread. This helps improve the seal.
2. Open the two gas bottle brackets. If the M4 screws and nuts are in place remove 
and keep safe as they will be needed shortly.
3. Ensure the gas mixing system has been brought up to atmospheric pressure and 
there is space to install the new gas bottle (the system can only hold two bottles 
at a time).
4. Align gas bottle with connector and hand tighten the connector to ensure the 
alignment is correct. Keep the gas bottle weight supported whilst this is done.
5. Whilst supporting the gas bottle close the two gas bottle brackets (top followed 
by the bottom ) and secure using the screw and nut. Do not tighten the screws 
fully until both are in place. Please note this may be easier with the assistance of 
a second person as the brackets try  to spring back open again. Once both brackets 
are connected tighten the M4 screws.
6. Seal the gas bottle connector using a 19 mm wrench.
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7. To verify th a t the seal does not leak close valve 1 (and/or valve 2) and the regulator 
and evacuate the system (see section A.2.3). Open the regulator and valve. The 
pressure on the gauges P I  and P2 (on plate 2) should increase slightly as there 
will be some air trapped in the gap between the gas bottle and the regulator. It 
should then stop increasing. If this occurs the gas bottle is connected correctly. 
Otherwise try  reconnecting the bottle using the above steps.
8. Close valve 1 (and/or valve 2) and the regulator then slowly open the gas bottle 
until the pressure gauge on the right hand side of the regulator reaches 10 — 20 bar 
and close the gas bottle again.
9. The gas bottle is now connected ready for a cell filling.
D isconnecting gas bottles The procedure to disconnect gas bottles from the gas 
mixing system is as follows.
• Ensure there is not excess pressure of gas inside the regulator. This is determined 
by the pressure gauge on the right hand side of the regulator going to zero.
• Ensure the gas bottle is closed.
• Bring the gas mixing system up to atmospheric pressure. The procedure for doing 
this is shown in section A.2.4.
• Ensure valve 1 (and/or valve 2) and the regulator are open.
• Disconnect the gas bottle gas connector using a 19mm wrench. If the system is 
not up to atmospheric pressure a hissing noise will be heard.
• Whilst supporting the gas bottle, open the gas bottle brackets by removing the 
M4 screws and nuts.
• Take the gas bottle out of the bracket and remove the internal seal (to go in the 
replacement bottle if needed) and store in a safe place.
Connecting the LARA cell The LARA cell is connected to the gas mixing system 
on plate 2 at Cell location (see figure A.6). The connection procedure is as follows.
1. Place the sealing ring inside the VCR connector.
2. Roughly align the cell VCR connector with the gas mixing system connector at 
Cell location. Then partly secure the cell in place using two M5 screws into the 
black block at Cell location.
3. Ensure tha t the seal and VCR connector sides are aligned correctly. Then hand 
tighten the VCR connector.
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4. Tighten the M5 screws to ensure the cell is secure.
5. Seal the VCR connector using a 19 mm wrench on the cell side and a 5/8” wrench 
on the gas mixing system side. Stop tightening as soon as resistance is felt. This 
should be approximately 1/4 of a tu rn  beyond finger tight.
6. To complete the link of the cell to the gas system the valve on the cell and valve 
7 will need to be opened.
7. If the VCR connector is not sealed correctly it will leak. This will be seen as a 
slow increase in pressure on P I when the system is evacuated.
D isc o n n ec tin g  th e  L A R A  cell To disconnect the LARA cell from the gas mixing 
system the procedure is as follows
1. Ensure valve 7 and the cell valves are closed completely.
2. Disconnect the VCR connector using a 19 mm wrench on the cell side and a 5 /8” 
wrench on the gas mixing system side of the connector.
3. W hilst holding the cell remove the M5 screws to disconnect the cell from the black 
block.
4. Remove the seal from the VCR connector.
5. Place the cell back in the cupboard or into its stand in the LARA setup.
A .2.3 E vacu atin g  th e  system
To ensure there are no contaminants from the atmospheric gases in the system and to 
perform leak tests, the system has to be evacuated. This is performed using a rotary 
oil pump (Ep in figure A.6), which is connected to the system by Valve 8. The rotary 
pump is then connected via plastic tubing to the outside so tha t the gases do not enter 
the room. To avoid a trip  hazard this tubing is disconnected when the system is not in 
use (when the pump is off). To prevent accidental venting into the room an oil filter is 
placed on top of the pump. The procedure for evacuating the system is as follows
1. Ensure the pump is plugged in and the pump is venting to the outside world.
2. Verify tha t the black valve on top of the pump is closed (turned fully clockwise) 
and valve 8 is closed.
3. To evacuate the entire system open all other valves. If there is no cell connected 
leave valve 7 closed. If set parts of the system want to be evacuated leave the 
appropriate valves closed i.e. if you want to m aintain the mixture in the catalyst 
loop (valve 3 to valve 6). Then ensure valves 6, 9,10 and 11 are also closed.
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4. Switch the pump on using the switch on the side.
5. Slowly open the pump valve. The plastic tube will s tart to evacuate.
6. Once the pump valve is open, open valve 8. The system will start to evacuate.
7. Monitor sensors P I and P2 (if applicable). W hen the system is fully evacuated the 
reading on the sensors will change to ****. Leave to evacuate as long as required 
for procedure.
8. When the evacuation process is complete close valve 8. Note if any parts of the 
system are leaking the sensors P I and P2 will start to register readings at this 
point. If this is the case try  to isolate the leak and try  again.
9. Close the pump valve by turning it in the clockwise direction. Once the valve is 
completely closed, tu rn  the pump off at the switch and unplug it. Note: If the 
pump valve is not shut properly oil could get into the system. So ensure the pump 
valve is fully closed before the pump is switched on or off.
A .2.4  B ringing th e  sy stem  up to  a tm osp h eric  pressure
There are times when the system will need to be brought up to atmospheric pressure.
The procedure for this is as follows
1. Evacuate the system using the procedure above (if not done already).
2. If there is a cell connected, remove it using the procedure in section A.2.2. This 
is needed as the cell location is used as the atmospheric pressure opening.
3. If the whole system wants to be brought up to atmospheric pressure open all valves 
except valves 7 and 8. Otherwise, isolate the appropriate part of the system by 
closing the relevant valves. For example if the system needs to be brought up 
to air to change a gas bottle but the gas in the catalyst loop doesn’t  want to be 
changed open valves 1, 2 and 11.
4. W ith the appropriate valves opened, open valve 7. This will bring the system 
up to atmospheric pressure as visualised by sensors P I and P2 rising to read 
approximately zero.
A .2.5 C ell filling
Single-gas cell fillings. For single gas fillings the bypass loop is used as the catalyst
tube is not needed. The procedure is as follows
1. Ensure the gas bottles and cell are connected to the mixing system as described 
in section A.2.2.
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2. Ensure the entire system (including the cell) is evacuated (see section A.2.3).
3. Close all valves in the system.
4. For single gas cell fillings the only valve tha t needs to be open on plate 2 is valve 
12. On plate 1, valve 1 or valve 2 needs to be open. Only open the valve that is 
next to the gas bottle containing the gas for the single cell filling. All other valves 
should be closed.
5. W hilst viewing pressure gauges P I and P2 slowly open the regulator of the required 
single gas. The pressure will slowly rise. The pressure gauges are differential gauges 
so a reading of zero corresponds to 1000 mbar. Once the pressure has reached the 
required value, close the regulator. Note tha t that maximum pressure of this 
system is approximately 1500 mbar. If the pressure exceeds this the over pressure 
valve OP will open. The over pressure is set at this point to protect the cell from 
damage.
6. Open valve 8 and the cell valve and the gas will move into the cell. Once the 
pressure on gauges P I and P2 is stable, close valve 8 and the cell valve. The cell 
can now be disconnected as described in section A.2.2.
G as-m ix in g  cell fillings. For gas mixing the catalyst tube needs to be used. Extra 
information on the catalyst tube can be found in the catalyst tube manual [SchlOb]. The 
catalyst tube can be used for mixing hydrogen and deuterium to form the isotopologue 
HD and for mixing methane and deuterium to form deuteriated methanes. Hydrogen 
and deuterium mixing can be performed at room tem perature. However, after opening 
up the system to air if the catalyst tube wants to be used it should be baked out whilst 
evacuating to remove any water vapour that could be in the system. The bake out 
procedure is described in [SchlOb].
The procedure for gas mixing is as follows
1. Ensure the gas bottles and cell axe connected to the mixing system as described 
in section A.2.2.
2. Ensure the entire system (including the cell) is evacuated (see section A.2.3) and 
bake out the catalyst if necessary (see [SchlOb]).
3. Close all valves in the system.
4. Heat the catalyst tube to the required tem perature (if required).
5. For gas mixing fillings initially the only valve that needs to be open is valve 4 on 
plate 2.
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6. On plate 1 open valve 1 or valve 2. Open the valve that is next to the deuterium 
gas bottle. All other valves should be closed. W hilst viewing pressure gauge P2 
slowly open the regulator of the deuterium gas bottle. The pressure will slowly 
rise. Close the regulator once the pressure has reached 100 mbar (—0.9 on the 
gauge) and close the corresponding valve 1 or 2.
7. Open the other valve on plate 1 (valve 1 or 2). W hilst viewing pressure gauge P2 
slowly open the regulator of the other (not deuterium) gas bottle. The pressure 
will slowly rise. Close the regulator once the pressure has increased by 100 mbar. 
Repeat the previous 2 steps alternating between gas mixtures until the pressure 
on pressure gauge P2 is approximately 1000 mbar.
8. Open valves 6 and 7. Then slowly open valve 5 until the gas starts to flow slowly 
over the catalyst tube. Once the pressure on P I and P2 has equalised close valves 
5, 6 and 7 and repeat the above filling process until the pressure on P I  and P2 
corresponds to 500mbar (—0.5 on the gauge).
9. Open valves 5, 6 and 7. Then open valves 10 and 11 and plug the circulation pump 
Cp in. The pressure on gauge P2 should increase drastically and on P I  should 
drop. The gas is now circulating through the catalyst tube. Let the gas circulate 
for at least 5 minutes.
10. When circulation is complete unplug the circulation pump and close valves 5, 10 
and 11. Then slowly open valve 5 to allow gas to flow slowly over the catalyst 
tube.
11. Repeat steps 6,7 and 8 until the pressure on gauges P I  and P2 is just over 
1000mbar (reading of approximately 0.1).
12. Open valve 8 and the cell valve and the gas will move into the cell. Once the 
pressure on gauges P I  and P2 is stable, close valve 8 and the cell valve. The cell 
can now be disconnected as described in section A.2.2.
268 APPENDIX A. APPENDICES
A .3 Synapse CCD d etector characterisation
This section contains additional information on the characterisation of the Synapse CCD 
detector.
A .3.1 L abSpec 5 softw are and S yn apse configuration
As specified in chapter 5 the Synapse camera was delivered with the software “LabSpec 
5” . It has some problems associated with it, when it is used in acquisition configurations 
suitable for the KATRIN LARA application.
1. Firstly, the software is designed to be used with analytical Raman spectroscopy of 
solid samples mounted on an x-y-z stage. This means there are many options in 
the software tha t are not needed in our application. In principle, this should not 
be a problem since according to discussions with Horiba engineers the software 
should be compatible with all Horiba CCD detectors.
2. Nowhere in the manual or software itself is the Synapse detector actually ad­
dressed; only reference to the Symphony detector is given. This seems to cause 
problems with the camera drivers and subsequently with operating the detector 
via the LabSpec software.
3. As a consequence of this, one could not change between the three gain-settings of 
the detector from within the software. There is an option to select between only 
two settings, namely “normal” and “high” gain. However, the high gain setting 
is set up within the config-files, so that it is the same value as the normal gain- 
thus, no alteration of gain is possible. Whereas, the detector has three different 
gain settings.
4. The CCD 2D image can only be read out in “real time” i.e. repetitively once 
started. To initiate capture of a single acquisition 2D image was not possible. For 
single acquisitions the software produces a spectrum using the on-chip binning 
procedure (see section 5.3.5). However, this was a non-tuneable version, so the 
spectra are binned over the entire chip only.
A .3 .2  R un n in g  th e  Syn apse d etecto r  under L abSpec and Lab V IE W
After running the detector with the Lab VIEW Vis the settings for the gain in the 
LabSpec config-files have also been changed, and different settings of the detector were 
encountered. For example, if the detector was last run in “high sensitivity” mode un­
der Lab VIEW, it would be in high sensitivity mode when subsequently running under 
LabSpec.
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A .3.3 D etecto r  problem s - “dead p ix e l” phen om en on
D u rin g  th e  c h a ra c te r is a t io n  a n d  a lig n m e n t p ro ce ss  o f th e  S y n a p se  d e te c to r  o n e  specific 
p ro b le m  w as e n c o u n te re d , w h ich  w ill b e  d iscu ssed  in  th is  sec tio n .
F or a lig n in g  th e  d e te c to r  a  w h ite  lig h t so u rce  w as u sed  to  e n a b le  th e  t i l t  o f th e  d e te c to r  
to  b e  a d ju s te d  co rrec tly . W h e n  th e  im ag e  re c o rd e d  from  th e  C C D  d e te c to r  w as v iew ed 
a  co lu m n  o f “d e a d ” p ixe ls  w ere o b se rv e d  (see figu re  A .8).
single file proccssl.vi Front Panel •
£le Ed* Xew 0ro)oct Operate loob VjVxJow {jet
F ig u re  A .8: Im ag e  re c o rd e d  by th e  S y n ap se  C C D  d e te c to r ,  u s in g  a  w h ite  lig h t so u rce  for 
i l lu m in a tio n . S e ttin g s : h ig h  se n s itiv i ty  m o d e , 1 s a c q u is i tio n  tim e . T h e  a p p a re n t  c u t-o ff  
p ixe l ~  650 is d u e  to  th e  p re se n ce  of th e  532 n m  ed g e  filte r; th e  s h a p e  o f th e  in te n s ity  
p ro file  is ca u se d  by  th e  (o rd e re d )  fib re  b u n d le  b e in g  il lu m in a te d  by  a  ligh t b e a m  w ith  
n e a r -G a u s s ia n  in te n s ity  d is t r ib u t io n .  N o te  th a t  th e  h o r iz o n ta l ax is is A -d ep en d en t.
To te s t  w h e th e r  th is  s tr a n g e  o b se rv a tio n  w as re la te d  to  h a rd w a re  o r so ftw are  p ro b ­
lem s, a  ra n g e  o f w h ite - l ig h t a c q u is itio n s  w ere ta k e n  for d iffe ren t e x p o su re  tim e s . W h e n  
th e  a c q u is i tio n  t im e  is in c re a se d  b e y o n d  100 s th e  n u m b e r  o f “d e a d ” p ixe ls  a p p a re n tly  
red u c es  (see figu re  A .9).
To a n a ly se  w h a t is h a p p e n in g  to  th is  (sing le) co lu m n  o f p ix e ls , a  b esp o k e  L a b V IE W  
ro u tin e  w as u sed  to  e x t r a c t  th is  co lu m n , a n d  th e  v a r ia tio n  o f in te n s ity  w as p lo tte d .  A 
p lo t o f th e  v a r ia tio n  o f in te n s ity  ac ro ss  th e  co lu m n  c o n ta in in g  th e  “d e a d ” p ixe ls , n a m e ly  
co lu m n  334, is sh o w n  in  figu re  A .10 for 10 s, 100 s a n d  500 s a c q u is i tio n  tim e s , a n d  for 
h ig h -se n s itiv ity  m o d e . T h e  p ixe ls  a p p e a r  to  b eg in  re a d in g  o u t d a ta  as th e  a c q u is i tio n  
tim e , i.e. th e  overa ll lig h t e x p o su re , is in c reased .
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W hite light high sen sitivity 10ft
P single file process1 vi front Panel *
t ie  fcew £ro»ect Operate look f tndov  tJdp
flj 140-
F ig u re  A .9: Im a g e  re c o rd e d  by th e  S y n ap se  C C D  d e te c to r  using  a  w h ite  ligh t so u rce  
for illu m in a tio n . S e ttin g s : H igh  se n s itiv ity  m o d e , 100 s ac q u is itio n  tim e . N o te  t h a t  th e  
h o r iz o n ta l ax is  is A -d ep en d en t.
25000 -
 1 0 s  h igh  s e n
1 0 0 s  h igh  s e n  
  5 0 0 s  h igh  s e n
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15000 -
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F ig u re  A . 10: A n  p lo t o f th e  v a r ia tio n  o f in te n s ity  ac ro ss  th e  co lu m n  c o n ta in in g  th e  d ea d  
p ixe ls. N o te  t h a t  th e  p ixe ls , in  th is  case , a re  in  th e  v e r tic a l d ire c tio n  (y -ax is  in  figures 
A .8 a n d  A .9.
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T o check  w h e th e r  o th e r  p ixel c o lu m n s  a re  re a d  o u t co rrec tly , th e  a d ja c e n t co lu m n  w as 
a lso  e x tra c te d  a n d  p lo tte d .  T h is  c o m p a riso n  is sh o w n  in  figu re  A. 11. W h e n  c o m p a rin g
5 0 0 s  high s e n  
5 0 0 s  line 3 3 3  high
25000 -
2 0 0 0 0  -
^  15000 -
<7>
c<b
c 10000  -
5000 -
1500 50 100 200 250 300
P ixel  n u m b e r
F ig u re  A. 11: C o m p a r iso n  b e tw e en  th e  c o lu m n  c o n ta in in g  th e  d e a d  p ix e ls  a n d  th e  a d ja ­
c e n t c o lu m n . N o te  t h a t  th e  p ixe ls, in  th is  case , a re  in  th e  v e r tic a l d ire c tio n  (y -ax is in  
figu res A .8 a n d  A .9.
th e  figu re  to  th e  p re v io u s  one  (for a  ra n g e  o f e x p o su re s )  one  o b se rv es  t h a t  th e  p ixels, 
w h ich  a re  “d e a d ” for s h o r te r  a c q u is i tio n  tim e s , a p p e a r  to  b e  re a d in g  o u t s im ila r  d a t a  to  
th e  a d ja c e n t c o lu m n  ev e ry w h e re , e x c lu d in g  th e  s h o r te n e d  “d e a d ” reg io n . T h is  b e h a v io u r  
is c o m p le te ly  p u zz lin g ; it  a p p e a rs  to  b e  d e p e n d e n t on  th e  in te n s ity  in c id e n t on  th e  C C D  
chip .
A fte r  c o n s u ltin g  w ith  th e  m a n u fa c tu re r  th e y  in fo rm ed  us th a t  th e  C C D  ch ip  u sed  in  
th e  S y n a p se  is a  g ra d e  1 C C D  a n d  a  g ra d e  1 C C D  d e te c to r  c a n  h av e  1 d e a d  p ixel w hen  
it  is m a n u fa c tu re d . T h e re fo re , th e  d e te c to r  w as n o t  re p a ire d . T h is  m e an s  th a t  for all 
m e a su re m e n ts  w ith  th e  S y n a p se  d e te c to r  th e  d e a d  p ixe l d a t a  va lu es a re  re p la ce d  w ith  
th e  v a lu e  fro m  a n  a d ja c e n t p ixel.
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A .4 D epolarisation  m easurem ent data o f the hydrogen iso-
topologues
The depolarisation measurements of the hydrogen isotopologues are described in full in 
chapter 6. Additional tables tha t are needed in the chapter are included here, so they 
do not disrupt the flow of the text.
A .4 .1  P o larisab ility  ten sors o f  th e  hydrogen  iso top o logu es from  LeR oy, 
for 532 nm ex c ita tio n
The theoretical values of the average polarisability and the anisotropy of the hydrogen 
isotopologues have been calculated by LeRoy [Royl2] for 532 nm excitation radiation 
using ab initio calculations described in Schwartz and LeRoy [LRoy88]. The calculated 
values for the Q-branch of the hydrogen isotopologues for J  =  0 to J  = 9 are collated 
in table A.I.
The tabulated values are used as inputs into equation (6.2) to obtain the depolarisa­
tion ratio />sposa in table 6.7 in chapter 6.
A .4.2  C om p lete  corrected  dep o larisa tion  ratios o f  th e  hydrogen  iso­
to p o lo g u es
The correction procedure described in chapters 3 and 6 to correct the observed depolar­
isation ratios of the hydrogen isotopologues for comparison with the theoretical values 
of LeRoy has been applied to all the measured data  sets included in table 6.4. The 
resultant corrected values are shown in table A.2. These values are used to produce 
the statistical histogram for comparison of the measured data  with that of LeRoy. The 
values are used individually in the calculation of Fd
/?LeRoy — PSPOSA—cor / A ao\t d = --------------  7- (A.b8J
® \ PSPOS A —cor )
as described in chapter 6.
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Table A .l: Top: Theoretical average polarisability \(vf \a\vl ) \ 2 of the Q i branches of all 
six hydrogen isotopologues from LeRoy. Bottom: Theoretical anisotropy °f
the Q i branches of all six hydrogen isotopologues from LeRoy
l ( ^ M ^ ) l 2
Iso to p o lo g u e
J h 2 HD HT d 2 DT t 2
0 0.780260 0.722899 0.700810 0.649723 0.619545 0.584671
1 0.781434 0.723723 0.701523 0.650222 0.619943 0.584671
2 0.783774 0.725367 0.702945 0.651219 0.620740 0.585578
3 0.787269 0.727825 0.705073 0.652712 0.621932 0.586484
4 0.791900 0.731088 0.707899 0.654696 0.623518 0.587689
5 0.797643 0.735143 0.711414 0.657167 0.625495 0.589192
6 0.804469 0.739976 0.715606 0.660120 0.627858 0.590990
7 0.812343 0.745568 0.720462 0.663547 0.630604 0.593081
8 0.821224 0.751898 0.725965 0.667440 0.633726 0.595461
9 0.831067 0.758945 0.732099 0.671790 0.637219 0.598128
Iso to p o lo g u e
J h 2 HD HT d 2 DT t 2
0 0.653379 0.600413 0.580297 0.534351 0.507575 0.476960
1 0.655344 0.601780 0.581476 0.535170 0.508227 0.477452
2 0.659271 0.604513 0.583833 0.536809 0.509531 0.478437
3 0.665153 0.608609 0.587365 0.539267 0.511485 0.479913
4 0.672984 0.614064 0.592071 0.542542 0.514090 0.481882
5 0.682751 0.620874 0.597947 0.546633 0.517344 0.484341
6 0.694440 0.629032 0.604987 0.551538 0.521246 0.487291
7 0.708035 0.638532 0.613189 0.557255 0.525796 0.490731
8 0.723516 0.649363 0.622544 0.563780 0.530991 0.494660
9 0.740859 0.661517 0.633046 0.571112 0.536830 0.499078
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Table A.2: Complete corrected depolarisation ratios of the Q i branches of all six hydro­
gen isotopologues used in the comparison with the theoretical values of LeRoy
Isotopologue J Set 1
PSpOSA—cor
Set 2 Set 3
h 2 0 0.0000(6) 0.0000(10) 0.0000(6)
1 0.0177(6) 0.0190(9) 0.0180(6)
2 0.0133(6) 0.0141(9) 0.0148(6)
3 0.0128(6) 0.0133(15) 0.0129(6)
HD 0 0.0000(5)
1 0.0177(6)
2 0.0126(6)
3 0.0121(6)
HT 0 0.0000(6)
1 0.0173(6)
2 0.0126(6)
3 0.0122(6)
4 0.0125(6)
d 2 0 0.0000(6) 0.0000(10) 0.0000(5)
1 0.0180(6) 0.0182(10) 0.0174(5)
2 0.0133(6) 0.0131(9) 0.0118(5)
3 0.1070(6) 0.0128(15) 0.0111(6)
4 0.0109(6) 0.0121(17) 0.0110(6)
5 0.0138(10)
6 0.0456(17)
DT 0 0.0000(6)
1 0.0170(6)
2 0.0123(6)
3 0.0127(6)
4 0.0115(6)
5 0.0130(6)
6 0.0126(9)
t 2 0 -0.0026(100) -0.0030(100)
1 0.0165(6) 0.0161(6)
2 0.0119(6) 0.0115(6)
3 0.0111(6) 0.0108(6)
4 0.0104(6) 0.0100(6)
5 0.0113(6) 0.0109(6)
6 0.0115(6) 0.0112(7)
7 0.0156(6) 0.0152(8)
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A .5 D erivation  o f th e  polarisability m atrix elem ents for 
nitrogen and oxygen
Buldakov et al [Bul03] have performed some calculations so tha t the polarisability m atrix 
elements can be determined for diatomic molecules from the molecular and spectroscopic 
constants in the literature (e.g. from NIST [Lah91]). The equations the group state  in 
the paper to describe the depolarisation ratio (depolarisation degree in their case) match 
the ones used by the KATRIN LARA group discussed in this work. In the next sections 
the equations used by Buldakov will be stated. For a discussion on the derivation see 
Buldakov et al [Bul03].
A .5.1 M atrix  e lem en ts o f  d ia tom ic m olecu les
The depolarisation ratio used in this work is defined as (see chapters 3 and 6)
=  I±a, \ \ i (0 =  n /2 ,< p  =  0)  =  3b2j f o : j i o \ ( v f h \ v i ) \ 2 r A
^SPOSA I±a ±i(0 =  71-/2, V? =  0) 4 5 |(v / |a |u <) |2 + 4 6 2 /0 : j .0 |( i ; / |7 |t;<)|2
This is the depolarisation ratio for 6  = 90°. Note tha t the poalrisability m atrix elements 
|(uf |a |ul)| and |( i^ |7 |ul)| are defined by Buldakov et al as {ylJ\a\yf  J)  and (vtJ\'y\v^ J)  to 
state  that these terms have a dependence on the rotational quantum  number J. To avoid 
confusion with some of the internal terms in their calculation the Buldakov notation will 
be used for the remainder of this section. The polarisability m atrix elements are defined 
as
\(vlJ l \a,y\vf J f ) \ 2 = F ^ v f (m)\(vl \ar/ \v f ) \ 2 (A.70)
where in this case the m atrix elements (v^\a,r'/\v‘l) are the vibration part of the polaris­
ability m atrix element and do not have a J dependence. F * f  s (m)  is the Herman-Wallis 
factor and the term  m  changes depending on the selection rule of A J  for the branch of 
interest. More information on how the individual terms in this equation are derived is 
not discussed here. Buldakov et al have derived functions for various v% and scenarios 
for K ? v A m ^  (v i \a^ \ v f ) and \(viJ\a,'y\v*J)\.
In this work the measurements of interest are for the Qi-branch as the Si- and Oi- 
branches depolarisation ratio is always equal to 0.75, so it is not dependent on the 
polarisability m atrix elements. The Q i-branch of diatomic molecules has the selection 
rules of A J  = 0 and A v  = +1. For these selection rules this sets m  = J { J  +  1), 
J % = J? =  J ,  v% =  v and y f  = v +  1. The resultant equations for these selection rules 
derived for nitrogen and oxygen are included in the next sections
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A .5.2 M atrix  e lem en ts for th e  Q -branch o f  n itrogen  (N 2 )
The derived equations to obtain the polarisability m atrix elements of the Qi-branch 
nitrogen are
K,v+i(rn) = 1 +  [1.10(15) x 1 0 -5 -  0.61(28)v x 10~7]m (A.71)
=  1 +  [0.14(10) X  10“ 4 -  0.12(23)v x 10"6]m (A.72)
u  T  1
(v|a|v +  1) =  
{v\i\v  +  1) =
0.5 /  o  d  \  0-5
'e
V +  1
( —  ) [1.871(50) +  0.0105(35)u] (A.73)
[2.25(21) +  0.019(23)v] (A.74)
V
0.5 /  2 ^^ ^
Mr.
where the numbers in brackets following the number terms indicate the uncertainty 
in the last digit. B e and u;e are spectroscopic constants and are 1.998241 cm -1 and 
2358.57 cm -1  respectively for the fundamental branch where v = 0 (from NIST [Lah91]). 
These equations can be used to determine the J dependent polarisability matrix elements 
with an uncertainty for the fundamental Qi-branch of nitrogen. The uncertainty is 
propagated through the formulae using error propagation. The resultant values are 
collated in table A.3.
Due to the resolution of the measurement of the depolarisation ratio of nitrogen in 
chapter 7 the individual Q-branch lines are not resolved. This means tha t the measured 
signal is a convolution of all the lines and the depolarisation ratio stated in equation 
(A.69) cannot apply for the SP0SA ratio in this case. The convolution means that the 
observed intensity is a sum over the individual branches i.e.
/obs =  =  K l Y , ( t' s ) l 9 i N M a 2 , ' ? , e )  (A.75)
J  J
Note the assumption has been made tha t the spectral efficiency of the system is constant 
over this narrow spectral region. For a description of the individual terms see chapter 
3. This leads to a new depolarisation ratio namely
\ 4 ,
  Y t j i p s ) i g i N i ^ _ Ls l\ i ( e  =  7 1 - / 2 , ^  =  0 )
PSP0SA—conv -  Y : j ( P s ) 4g i N ^ x , ^ ( e  =  7T /2 ,<p =  0 )
E  J (ps)i 9iNi (3b2Jl0.Ji0 [(i>/ b 'K ) |2)
(A.76)
To calculate this depolarisation ratio from the polarisability m atrix elements the state 
population, level degeneracy and the wavenumber position need to be taken into account. 
These terms are discussed in more detail in chapter 3. The input terms needed to perform 
the calculation are F j = B J ( J + 1), B  = 1.972263 cm-1 , gi = 3 for odd J, gi =  6 for even 
J, h =  6.626068 x 10"31, cq =  2.99792458 x 1010 e ra s '1, k = 1.3806503 x 10" 20 cm2 kg s“ 2
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Table A.3: Calculated polarisability m atrix elements for the Q-branch of nitrogen (N2)
J |(v =  0, J\a\v  +  1 =  1, J ) | |(v =  0, J |7 |v +  1 =  1, J)\
0 0.05446(146) 0.6549(1375)
1 0.05446(146) 0.6549(1375)
2 0.05446(146) 0.6549(1375)
3 0.05446(146) 0.6550(1375)
4 0.05447(146) 0.6550(1376)
5 0.05447(146) 0.6550(1376)
6 0.05447(146) 0.6551(1376)
7 0.05448(146) 0.6552(1376)
8 0.05448(146) 0.6552(1376)
9 0.05449(146) 0.6553(1376)
10 0.05449(146) 0.6554(1376)
11 0.05450(146) 0.6555(1377)
12 0.05451(146) 0.6556(1377)
13 0.05451(146) 0.6557(1377)
14 0.05452(146) 0.6559(1377)
15 0.05453(146) 0.6560(1378)
16 0.05454(146) 0.6562(1378)
17 0.05455(146) 0.6563(1378)
18 0.05456(146) 0.6565(1379)
19 0.05457(146) 0.6567(1379)
20 0.05459(146) 0.6568(1379)
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and T  =  300 K. Using these parameters and performing the appropriate calculation 
along with error propagation leads to a theoretical depolarisation ratio for nitrogen of 
PSPOSA-conv =  0.0241(101).
A .5.3 M atrix  e lem en ts for th e  Q -branch o f  oxygen  (O2 )
The derived equations to obtain the polarisability m atrix elements of the Qi-branch 
oxygen are
Fy,v+i (m) = 1 +  [2.28(16) x 10“ 5 -  0.24(15)u x 10“ 6]m (A.77)
Fv,v+i(m ) =  1 +  [2-60(54) x 1 0 -5 -  0.46(25)t> x 10" 6]m (A.78)
(v\a\v +  1) =  
(u|7|v + 1) =
, 1  0.5 / o r a  \  0. 5 v +  1
( —  ) [1.779(71) +  0.019(12)u] (A.79)
v +  1
\
0.5 /  n n  \  0.5
( " oT )  [3'25(26) +°-057(!9)u] (A.80)
where the numbers in brackets following the number terms indicate the uncertainty 
in the last digit. B e and u e are spectroscopic constants and are 1.44563 cm -1 and 
1580.193 cm -1  respectively for the fundamental branch where v =  0 (from NIST [Lah91]). 
These equations can be used to determine the J dependent polarisability matrix elements 
with an uncertainty for the fundamental Qi-branch of oxygen. The uncertainty is prop­
agated through the formulae using error propagation. The resultant values are collated 
in table A.4.
The individual Q-branch lines of oxygen are not resolved in the measurement of the 
depolarisation ratio of oxygen in chapter 7. The same convolution equations combining 
the intensities and obtaining the convoluted depolarisation ratio discussed above can 
be used to calculate the theoretical depolarisation ratio for oxygen. The equations that 
can be used axe equations (A.75) and (A.76). The input terms needed to perform the 
calculation for oxygen, which are different to those used in the nitrogen calculation, are 
F j = B J ( J  +  1), B  = 1.972263 cm -1 and gi = 1 for odd J. The even rotational levels are 
unpopulated; gi = 0 in this case. Using these parameters and performing the appropriate 
calculation along with error propagation leads to a theoretical depolarisation for oxygen 
of P s p o s a —conv =  0.0548(285).
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Table A.4: Calculated polarisability m atrix elements for the Q-branch of oxygen ( 0 2). 
Note the calculations have been performed for all rotational levels even though the even 
levels are unpopulated.
J |(u =  0, J\a\v  +  1 =  1, J ) | \(v = 0 , J |7 |u +  1 =  1, J)\
0 0.05381(215) 0.9830(2556)
1 0.05381(215) 0.9830(2556)
2 0.05381(215) 0.9831(2556)
3 0.05382(215) 0.9832(2556)
4 0.05382(215) 0.9833(2556)
5 0.05383(215) 0.9834(2557)
6 0.05383(215) 0.9835(2557)
7 0.05384(215) 0.9837(2558)
8 0.05385(215) 0.9839(2558)
9 0.05386(215) 0.9842(2559)
10 0.05388(215) 0.9844(2559)
11 0.05389(215) 0.9847(2560)
12 0.05390(215) 0.9850(2561)
13 0.05392(215) 0.9853(2562)
14 0.05394(215) 0.9857(2563)
15 0.05396(215) 0.9861(2564)
16 0.05397(215) 0.9865(2565)
17 0.05400(216) 0.9869(2566)
18 0.05402(216) 0.9874(2567)
19 0.05404(216) 0.9879(2568)
20 0.05407(216) 0.9884(2570)
21 0.05409(216) 0.9889(2571)
22 0.05412(216) 0.9895(2573)
23 0.05415(216) 0.9900(2574)
24 0.05418(216) 0.9906(2576)
25 0.05421(216) 0.9913(2577)
26 0.05424(216) 0.9919(2579)
27 0.05427(217) 0.9926(2581)
28 0.05430(217) 0.9933(2583)
29 0.05434(217) 0.9941(2585)
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A .6 Software and analysis routines
The software and analysis routines used in this work will be discussed here. The analysis 
procedure is also discussed in [Jaml3], [SJLc] and [SJLd] where they are available for 
download off of Sourceforge.
A .6.1 D e te c to r  a c q u is itio n  so ftw are
As stated in chapter 5 the Synapse detector can be run using National Instruments 
LabVIEW. The detector is operated using Active X controls and the LabVIEW Vis 
for the Symphony CCD detector (version 0.9.4.0) have been modified so that (i) they 
work with the Synapse detector and (ii) all the settings can be modified from within 
the LabVIEW VI. The software has been gradually optimised throughout this work. A 
screenshot of the front panel is shown in figure A. 12.
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Figure A. 12: Screenshot of the front panel of the Synapse detector acquisition software. 
D e te c to r  in itia lisa tio n
After the detector has been switched on at its power supply the detector needs to be 
initialised before it can be used. The procedure for this is as follows:
1. Start the LabVIEW VI.
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2 . Press “Initialize” to initialise the detector. W hen a configuration error box appears 
press ok. It then takes approximately 20 s for the detector to initialise correctly.
3. Wait for the detector head tem perature to reach the set-point (default =  — 70 °C). 
To change the tem perature set-point, change the value in the “Set Tem perature” 
box and select the “Set Tem perature” button. The detector tem perature is dis­
played in a plot of tem perature vs. time in the front panel.
4. Once the set-point tem perature has been reached (within 0.25 °C), set the integra­
tion time to 0.5 s, number of areas to 3, ADC to 20 kHz, Gain to High sensitivity, 
Offset to 0, Number-of-repeats to 1 and Area number to display to 1.
5. Select the “Setup” button then the “Acquire” button. This takes a 0.5 s acquisi­
tion using the detector to clear the CCD of any residual charge. After this has 
completed restart the LabVIEW  VI and repeat the steps above.
6 . Select the “Setup” button then the “Acquire” button again. If the enclosure, 
containing the detector, is dark the main intensity plot should show a constant 
intensity of approximately 1000 counts for all 1024 pixels, as shown in figure A .12.
7. The detector is now ready to use by setting the appropriate acquisition parameters. 
C on figu ring  a c q u is itio n  p a ra m e te rs
The following param eters can be set and adjusted (on the left hand side of the front 
panel) to use the software to take spectra: integration time, number of on-chip binning 
areas, ADC, gain, detector offset, number of repeats and area number to display. If 
any of these are adjusted, the “Setup” button needs to be reselected for the changes 
to be applied to the detector. If the number of on-chip binning areas are changed the 
“Reformat Areas” button needs to be selected first. Note: if the “Setup” button is 
selected when the parameters have not been changed the detector software will crash 
when trying to read out the data  from the detector, after the acquisition has run.
After each spectrum is taken the da ta  is automatically saved as a text file in the 
directory specified in the “Saving-Path” box on the right hand side of the front panel. 
The file save structure is:
YYYYMMDDHHmmss.fs_(Sample description)_Laser Power_Slit Width_CCD-temp_Acquisition 
time-NN.txt
where YYYY is the year, MM is the month, DD is the day, HH is the hour, mm is the 
minute, ss is the second and .fs is the fraction of the second; taken from the computer 
clock. The named parts are controlled by the inputs into the relevant boxes on the right 
hand side of the front panel and NN corresponds to  the repeat number starting from 
zero (i.e. for the first acquisition NN =  00 and for the second acquisition NN =  01).
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The details of the block diagram and working code for the detector software will not 
be included here. For more information the reader is referred to the Symphony detector 
VI documentation (available from Horiba) and the block diagram itself.
A .6.2 W eb c am  so ftw are
A modified webcam has been used as a small 2D position monitoring detector as de­
scribed in chapter 4. The 2D chip image of the webcam is recorded using call library 
function nodes within a customised LabVIEW routine. The function nodes call a dy­
namic link library file ( dll) called capwind.dll (obtained from National Instruments 
discussion forums). The function nodes required to readout the data are shown in fig­
ure A. 13. Note that this is a simplified version of the utilised program to display the 
function nodes more clearly.
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Figure A. 13: Screenshot of the block diagram showing the function nodes required to 
readout the webcam data.
The function node combination outputs the recorded webcam image as a 2D array, 
which can be analysed to determine the beam position of the incident laser beam spot.
B eam  p o s itio n  d e te rm in a tio n
As stated in chapter 4 the beam position is found by
• Finding the maximum intensity for each row (for the x- and y-directions sepa­
rately) and output the row number, max index and max value.
• Fit the maximum intensity vs. row number with a Gaussian fit. The centre 
position of this fit is the pixel co-ordinate in that direction.
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These steps are contained within the same customised LabVIEW routine. LabVIEW has 
the advantage th a t the maximum value from an array and a Gaussian peak fit are inbuilt 
functions. The 2D array is read row-by-row using a for loop (to change between the x- 
and y-directions the 2D array is transposed). The Gaussian fit function in LabVIEW  
outputs the peak amplitude, peak centre and standard deviation. The peak centre from 
the x- and y-directions is saved as the pixel co-ordinate determining the beam position. 
The entire procedure is contained within a timed loop, so that the webcam chip is read 
out periodically until the stop button is selected.
A .6 .3  A n alysis  procedures
The overall analysis procedure used in this work is described here as a sequence of indi­
vidual steps, each associated with its own LabVIEW  subroutine (subVI). The routines 
can either be used on their own or as part of the entire analysis procedure, which is 
needed for the KATRIN experiment. The procedure is discussed relating to KATRIN 
in James et al [Jaml3]. The routines th a t will be discussed here are:
•  the cosmic ray removal routine TCRR;
• the background removal routine SCARF;
• and the peak fitting routine ShapeFit.
For on-line applications, all steps are fully incorporated into a program flow which 
requires only minimal user intervention during the initial set-up; for off-line applications 
the sequence is overlaid with a graphical front end. By setting option switches in the 
program flow, individual steps in the sequence may be skipped should they not be 
required for a particular spectrum analysis.
Cosmic ray removal
The simple technique, to remove cosmic rays, th a t has been used in this work is “tem­
poral cosmic ray removal” (TCRR). Having sets of spectra recorded over time, like in
this work, enables the identification and elimination of cosmic rays by using spectral
difference comparison. This concept is implemented by comparing (at least) two con­
secutive spectra recordings and determining the signal difference pixel-by pixel. If the 
absolute value of this difference is less than a threshold, the two spectral da ta  points 
are averaged and this average is taken as the “cleaned” output value; otherwise, the 
smaller-valued data  point is taken. The threshold value has to  be set large enough not 
to be compromised by noise fluctuations, but small enough to efficiently capture the 
majority of cosmic ray events, which can have a wide range of random amplitudes. This 
process is repeated for the selected set of rows or binning-segments of the detector chip, 
and for the full set of spectra.
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The TCRR can be programmed as described below. Note tha t this is the TCRR as 
performed by the LabVIEW  sub Vis in this work.
1. Two consecutive two dimensional signal arrays A  and B  are imported as arrays 
of double precision values. The arrays rows correspond to the number of on chip 
binning segments.
2. The arrays are fed into a for loop so each individual row is analysed as a one 
dimensional array (A ij ).
3. The arrays are processed using the SCARF routine with a wide radius to ensure 
the background level of the consecutive arrays is as similar as possible.
4. The difference of the one dimensional arrays (A ij and B i j ) is calculated for each 
element j where dij = A ij — B ij.
5. The cleaned array Ci is produced as follows
(a) If the difference element dij is less than a threshold value t (dij < t ) the
cleaned element C ij is then C ij = .
(b) Otherwise, the cleaned element Cij is then C ij = A ij if A ij < B ij  and 
C ij = B ij  if A ij > B ij.
6 . The arrays C ij are then summed to form the cleaned one dimensional array Ci
where Ci = J2j Cij- This array is then passed to the handling VI.
It should be noted that TCRR has certain limitations. TCRR works assuming that 
cosmic-ray events are random and sparse whereas, the spectral features of interest are 
static for consecutive spectra. This is no longer valid for very long acquisition times. 
As the acquisition time expands the probability tha t cosmic rays will strike the detector 
in the same place, in consecutive acquisitions, increases. Hence, an acquisition time 
threshold will be encountered where the simple (two back-to-back acquisitions only) 
temporal routine will no longer remove all cosmic rays. Above this threshold, more than 
two consecutive acquisitions will be needed to ensure the spectra are completely clean 
of cosmic rays.
The routine has been tested on high and low intensity spectra for various acquisition 
times; for each measurement series cosmic ray events left in the spectra were counted. 
The number of cosmic rays present in a spectrum will vary depending on the location, 
shielding and time of day. Based on the test measurements with the Synapse detector in 
Swansea the TCRR routine removed all cosmic rays with only two consecutive spectra 
for acquisition times below typically 600 s; this means a combined consecutive-spectra 
acquisition time for the two spectra of 1200 s. Above this value three or more consecutive
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spectra were required. The numbers stated here may change for other detectors and 
measurement conditions. However, the results show th a t TC RR can be very successful 
and th a t for short acquisition times almost always only two consecutive spectra are 
needed to remove all cosmic rays.
Background removal
The various background removal methodologies, in the literature, have been consid­
ered and the most suitable procedure for background removal, in this work, seems to 
be the rolling-circle filter (RCF) concept. It requires no further user intervention once 
param eters have been set for the specific task, but can thereafter cope automatically 
with nearly any not-too-sudden variation in background/noise dining long measurement 
periods. However, the routine needed to be modified slightly to  function correctly for 
quantitative spectral analysis. The methodology in this work, along with test measure­
ments, is discussed below
The R olling Circle Filter (RCF)
The Rolling Circle filter (RCF) routine was originally proposed by Mikhailyuk et al 
[Mik03] the associated canonical RCF is described e.g. in Brandt et al [Bra06]. The 
concept of the RCF is visualised in figure A. 14. It is broadly equivalent to rolling a
spectrum
contact 
point \
locus
point
locus line
  RCF progression ---------*-
Figure A. 14: Action of the Rolling Circle Filter (RCF) on an example spectrum; the 
filter tends to  roll into the peak, overcompensating the background level. This deficiency 
is overcome by using the SCARF filter routine.
circle of radius r below a measured array of points, treating the array as a rigid surface. 
As the circle is rolled the vertical locus at the top of the circle is taken as an estimate 
of the varying background level.
The RCF can be practically realised as summarised below. Note tha t this is the RCF 
action as performed by the LabVIEW sub Vis in this work.
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1. A (2r  +  l)-element array of double-precision values, C, is generated where each 
element Cj = {y /r2 — (j — r )2) — r, and j  =  0 ,1 , . . .  2r is the index of the array, 
numbered from zero.
2. The M element signal array A  is imported as an array of double-precision values 
Am, where m  = 0 ,1 , . . .  (M  — 1).
3. The sanity check (2 r+ l)  < M  is made; the subVI will only execute if this condition 
is met.
4. The signal array is conditioned by subtracting the minimum (most negative) el­
ement value Amin from each element of A, yielding the modified signal array A!. 
This procedure ensures that the minimum possible value of any element A'm of A' 
is zero.
5. A' is windowed with respect to each reference index m  = 0 ,1 , . . .  (M  — 1). It is 
then operated upon with either the entire array C  or a subset thereof as described 
in the next step. The size of the subsets utilised depends on the value of the 
reference index m  as follows:
(a) In the case where m  < (r +  1), A f is sampled from A'Q to A' r^_jn  ^ and C  is 
sampled from C(m+1) to C2r
(b) In the case where (M  — (r +  1)) < m  < (r +  1), A' is sampled from A^m_r  ^
to A^m+ry  and the entire array is C  is utilised
(c) In the case where m  > (M  — (r + 1)), A' is sampled from A'M_r to A'M and 
C  is sampled from Co to
6. By applying the above rules, one obtains two array subsets A'sub,m and C'sub,m of 
equal size for each value of m. For each value of m, the minimum value D™m, which 
is the minimum value of the elements of the difference array Dm = A ,snh'm — C suh'm. 
The minimum difference array D mm can thus be generated over m  = 0 ,1 , . . .  M .
7. The array representing the locus of the rolling circle L  is calculated by adding the 
user-supplied estimate of the signal’s intrinsic noise variance a to the minimum 
difference array, i.e. L =  D mm +  a
8 . The following arrays are passed to the handling VI:
(a) The original signal array, A
(b) The locus array, L
(c) The ‘residue’ array R  = A! — L, which represents the ‘cleaned’ signal
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The Savitzky-Golay Coupled Advanced Rolling Circle F ilter (SCA RF)
The RCF algorithm has a serious deficiency, namely tha t the baseline level is over­
estimated if a gap (like a peak or broad unresolved feature) is encountered whose baseline 
width, w, is larger than  double the RCF-circle radius, i.e. w >  2r. Then the propagating 
circle “rolls into the gap” (see figure A .14), thus subtracting more than the actual 
background. Increasing the RCF-circle to much larger values doesn’t  solve the problem, 
as will be shown in the examples further below.
This deficiency is overcome by the SCARF algorithm. It works by applying a Savitzky- 
Golay filtering step to the locus-array generated from a single RCF pass. Two key 
param eters in the SGF algorithm have to be set appropriately, namely (i) the number of 
side-points s > r  to be included and (ii) the polynomial order n of the smoothing process. 
Note tha t on all occasions this routine is used this work the polynomial order was always 
n =  3. Note also tha t the SGF step is not applied to the spectral da ta  itself but to the 
background residuals. Lab VIEW  has an inbuilt Savitzky-Golay filter function where the 
only tuning param eters are the number of side-points and the polynomial order.
Care should be taken to choose suitable value of r in the RCF segment of the routine 
and the number of side points s. Specifically, r should be as small as possible in order to 
capture details in the variation of the baseline level, but normally should not be smaller 
than  the widest spectral peak of interest (i.e. 2r  > wmax) whose shape one wishes 
to preserve, sitting upon the moving baseline. For broad background features within 
the moving baseline the limit of r may be reduced, to ensure the baseline is followed 
correctly. But as a consequence of reducing 2r to values below wmax the number of 
side-points needs to be increased. However, decreasing 2r  too far may have unwanted 
effects, as shown in the examples below. Finally, for most efficient removal of odd-shaped 
background from peaks of varying width multiple passes of the routine may be required.
To demonstrate the action of the standard RCF and the advanced SCARF routines we 
applied them for a range of filter parameters, specifically (i) to a synthetic line spectrum, 
and (ii) to a real Raman spectrum. In the first instance, a simple synthetic spectrum has 
been generated, consisting of a pure Gaussian line of FWHM w =  10 pixel, sitting on an 
offset background dressed with random shot noise fluctuations. The amplitude of the 
spectral line was changed from values just above the noise level to values at which the 
noise becomes nearly negligible. The default starting parameter for the RCF procedure 
was r = 2w. The results are summarised in figure A .15 and table A.5; note th a t the 
entries in the table are the amplitudes, in units of counts, recuperated by peak-fitting 
of the background-corrected spectra after filter treatm ent.
Both the figure and table data clearly reveal th a t selecting the filter param eters too 
small with respect to the base width of the peak results in the filter rolling into the peak. 
The width at the base of the peak is responsible for how far the filter rolls into the peak. 
The application of the SCARF routine with the same width param eter improves this
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Figure A. 15: Background removal for synthetic spectrum of a Gaussian peak, with 
FWHM = 10 pixel, and different amplitude Apeak (left: Apeak = 10's; right: Apeak = 105). 
The baseline is offset by 1000 counts, exhibiting random shot-noise background. The 
background-fit traces (a), (b), (d) and (f) are associated with the various RCF and 
SCARF parameter entries in table I: for clarity they are consecutively offset downwards.
Table A.5: RCF and SCARF applied to a synthetic Gaussian peak of FWHM w = 10 
(see Fig. 5), with different amplitude, and offset by A0ffset =  1000± random shot noise 
(in units of counts; median — 33). The parameters r and s of RCF (r) and SCARF 
(r,s) are in units of pixel. The data entries correspond to the amplitudes obtained by 
peak-fitting after application of the filter procedure to the spectra (in units of counts), 
with fitting errors (2<r) in brackets.
Nomint
100
il peak an 
1000
lplitude A p 
10000
eak (counts) 
100000
Peak width at base (pixel)
(a) RCF(20)
(b) SCARF (20,20)
(c) 2x SCARF (20,80) +  (20,40) 
(d) RCF (60)
(e) SCARF (60, 60)
(f) 2x SCARF (60,240) + (60,120)
26(1)
67(12)
76(13)
82(13)
83(10)
89(10)
98(8)
48(1)
829(17)
899(27)
916(26)
980(15)
984(14)
993(12)
62(1)
8590(30)
9350(67)
9574(58)
9963(22)
9985(20)
9991(15)
77(1)
86413(35)
94218(98)
96430(87)
99940(25)
99968(22)
99990(15)
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but cannot fully compensate. In fact, one may even complicate things: due to the sharp 
edges of the RCF(20) signal at the position of the peak, the SCARF routine introduces 
a negative-going second derivative shape.
The implication is tha t the underlying RCF algorithm has to s tart with a sensible 
value, which needs to account for the width at the base of any peak of interest for 
quantitative analysis. A nearly “perfect” background removal and baseline correction 
function is achieved when applying the SCARF routine twice, with staggered number 
of side points included. Note th a t in this repetitive application the second SCARF- 
passage acts on the spectral data  from which the result of the first SCARF-run has been 
subtracted.
The same procedure as above was applied to a real N2 Raman spectrum, which in 
addition was superimposed with a non-linear background contribution. In figure A. 16 
the results from a selected range of filter functions on this spectrum are shown. The 
original spectral da ta  traces are overlaid with the derived background functions, namely 
the circle loci for the normal RCF-routine RCF(r) with two different radii r=20 and 
r=60; the SCARF routine SCARF(r,s) with (r=60,s=60); and the repetitive SCARF- 
routine with varied Savitzky-Golay param eters (r=60,s=240) followed by (r=60,s=120).
In the standard RCF routine the filter has rolled into the spectral lines for RCF with 
r= 20  pixels; but even for r=60 pixel which is much wider than  the narrow Si- and 
Oi-branch Raman lines, hints of roll-in are evident. This results in loss of quantifiable 
spectral information because incorrect amounts of background intensity are subtracted. 
This may not be critical for the large intensity Qi-branch of 16N2 a t 2330 cm -1 , where 
the “lost” amount accounts for roughly 10-2 , or less for the wider circle radius, the 
low-intensity Qi-branch of 16N18N near 2285 cm -1 suffers a loss of as much as 20 to 
30%. This means th a t incorrect values from the spectra would have been extracted and 
reliable quantification is lost.
As in the synthetic spectrum case discussed above, applying the SCARF routine has 
nearly eliminated the problem of roll-in. However, with the larger radii parameters 
r = 60 and s = 60 the background trace now does not follow the background curvature 
correctly, and consequently the actual background is not yet completely removed. Full 
background compensation is achieved by applying SCARF a second time on the adjusted 
spectrum from the first run (see the lowest trace in figure A. 16).
Finally, for quantitative analysis of spectral lines via peak fitting routines, a flat 
background with the noise oscillating around zero is required. However, the application 
of RCF/SCA RF for background removal exhibits a minor deficiency. Since the circle 
always rolls below all da ta  points, this slightly offsets any noise baseline to a minute 
value above zero. This can be overcome by calculating the median of a  (reasonably) 
flat, noise-only region of the spectrum. This median subtraction routine is included in 
the Spectrum Processing Suite used in this work [SJLc] and [SJLd].
290 APPENDIX A. APPENDICES
7 0 0 0
C/5
' §  6 0 0 0  
EI—
CD
^  5 0 0 0  
■o
"o.
I  4 0 0 0  
c
0 5
C 3 0 0 0
CO
E
CO
cr
2000
1000
Figure A.16: Background removal test for a Raman spectrum of N2 , overlaid with non­
linear background; traces are offset by 1500 units, consecutively from top to bottom. The 
traces are annotated with the respective filter actions used, RCF(r) and SCARF(r,s). 
Note that the displayed Raman shift range corresponds to the full detector width of 
1024 pixel. For further details and discussion, see text.
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Peak fitting
The last step in the post acquisition data treatm ent is the extraction of peak intensities 
(or areas). Two types of techniques have been considered for the determination of 
intensities (or areas).
The first employs integration by simple summing of the intensity of all pixels within 
a peak profile, arriving at a peak area value. However, the method is unsuitable if one 
wishes to deconvolute overlapping lines.
The method of choice used throughout in this work is a routine developed by the 
KATRIN LARA group called ShapeFit (see Schlosser [Schl3] or [SJLd] for more infor­
mation). The routine works as follows
• In the first step of the routine a line is selected from the spectrum which has suffi­
cient intensity and stands isolated (no convolution with other lines); for example, 
this could be a line from a spectral calibration lamp. The shape of this peak is 
stored pixel-by-pixel in an auxiliary data  array.
•  In the second step, all lines within a spectrum are fitted, using the previously 
determined digital peak shape function and multiplying it by the appropriate 
amplitude factor. The process incorporates the Levenberg-Marquart algorithm, in 
which amplitude and centre-position of each peak are treated as fitting parameters.
• Sub-pixel translation of the peak positions is enabled by interpolation of the nu­
merical peak shape. The baseline of the spectrum can be either fixed, or added as 
a fitting parameter.
Since the peak-shape is stored numerically, very complicated and odd shapes can 
be used, while at the same time the number of free parameters per peak is still only 
two (position and amplitude). The ShapeFit routine was implemented as a Lab VIEW 
subVI, and its principle details are summarised in [Jaml3], [SJLc] and [SJLd].
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